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Development of a kinetic model for CO2 methanation over a commercial 

nickel catalyst was performed to consider pathways of CO2 conversion via Sabatier 

and RWGS reactions. H2/CO2 ratio in the feed gas composition was varied at the 

stoichiometry of the Sabatier reaction assuming a fictitious CO2 conversion of 0 to 

0.7. Non-stochiometric gas feeding and the addition of product gases, i.e., methane 

and steam, were also considered to examine reaction orders and inhibition effects. 

The kinetic tests were carried out at 300–350 °C and 0.1–0.9 MPa. GHSV 

corresponded to 37,494 h-1. The stable activity was achieved by forcibly stressing 

the catalyst under the equilibria at 500 °C for 35 h. The kinetic measurements were 

conducted at an isothermal differential fixed bed reactor in the absence of heat and 

mass transport limitations. The methanation reaction was first fitted with a power 

law (PL, PL-H2O, PL-WI, PL-OH) and LH approaches by considering the Sabatier 

reaction. Then, the RWGS reaction was added to consider CO formation using 

power law models. The least-square method was performed to minimize the 

residues between experimented and predicted reaction rate values for prediction 

kinetic parameters. The models were discriminated under the lowest value of the 

Akaike information criterion (AIC) and Bayesian information criterion (BIC). The 

results showed a better fitting of experimental observations by using the LH 

expression with the formation of formyl as RDS and power law model with 

inhibiting influence of water. 
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CHAPTER I  
 

INTRODUCTION 
 

1.1. Significance of problem  

The CO2 concentration in the atmosphere has been continuously increased 

from fossil fuels consumption. This occurrence entirely affects human health and the 

environment. There are two considered worldwide options to reduce CO2 

concentration in the atmosphere: capture CO2 and storage (CCS) and capture CO2 and 

utilization (CCU). CCS is a technology that CO2 is collected from industrial facilities 

or power plants to permanent store it underground. In comparison, CCU aims to 

convert the captured CO2 into value-added products such as methanol, dimethyl ether, 

formic acid, ethylene oxide and ethanol, methane, and other hydrocarbons. CCU is 

extensively emphasized because of environmentally beneficial and economically 

profitable. Because of increasing natural gas demand, methane production was 

deemed one key role for sustainable energy. Furthermore, numerous researchers have 

paid attention to power-to-gas (PtG) technology. In case of CO2 methanation, it can 

be called power-to-methane. Hydrogen via the electrolysis reacts with emitted CO2 to 

produce methane and water. The hydrogenation of CO2 to produce methane is also 

known as the Sabatier reaction. However, the combined reversed water gas shift 

reaction and CO methanation are widely accepted. Since CO2 methanation 

thermodynamically favors at low temperatures, it is necessary to design a suitable 

catalyst to achieve a high reaction rate and methane selectivity. The Ni/SiO2 catalyst 

popularly has been used for CO2 methanation. Even though numerous works were 

published in the development of Ni/SiO2 performance, few literature studies the 

kinetic characterization of Ni/SiO2.  

This work aims to determine intrinsic kinetic parameters and predict the 

mechanism of CO2 methanation reaction over commercial Ni/SiO2 catalyst using an 

isothermal differential fixed bed reactor without diffusional limitation.  The kinetics 

were investigated with feeding gas compositions by following and non-following the 

stoichiometry of the Sabatier reaction (H2/CO2 = 4/1, CH4/H2O = 1/2), and the 

experimental observations were considered in modeling using power law and 

Langmuir-Hinshelwood models with AIC and BIC for model discrimination. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 2 

1.2. Research objectives 

1. Determination of kinetic parameters over commercial 17–23%wt Ni/SiO2 catalyst  

2. Examination of mechanism over commercial 17–23%wt Ni/SiO2 catalyst  

 

1.3. Scope of research 

  This study focuses on determining kinetic parameters and finding out the 

mechanism using the power law and Langmuir-Hinshelwood models. Recent thesis 

will use an isothermal differential tubular fixed bed reactor to perform the CO2 

methanation over commercial 17–23%wt Ni/SiO2 catalyst without heat and mass 

transport limitations. The kinetic characterizations were investigated at temperatures 

of 300–350 °C, pressures of 0.1–0.9 MPa, and a total flow rate of 200 mL/min with 

the catalyst loading 20 mg. The model discrimination was assessed by the AIC and 

BIC. 

 

1.4. Benefits 

This work observed the suitable model and parameters to describe the kinetics and 

mechanism for CO2 hydrogenation to CH4 over Ni/SiO2 catalyst.  
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CHAPTER II  
 

THEORY AND LITERATURE REVIEW 
 

2.1. The Carbon dioxide problems  

Thus far, the concentration of carbon dioxide in the atmosphere has 

continuously increased [1] because of natural systems and human activities. Industrial 

activities demonstrated approximately 90% of all CO2 emissions from human 

activities [2]. Carbon dioxide is the main component in greenhouse gases (GHGs) and 

one of the primary problems of climate change [3]. The increasing of CO2 

concentration results in hard plants growth [4] and rising sea levels due to melting of 

ice sheets [5, 6]. Moreover, a number of natural phenomena such as storms, floods, 

drought and heatwaves, and others are cause of increasing of CO2 concentration [7].  

Besides effect on natural balance, the increasing of CO2 concentration effects to 

human health, for example, body inflammations, reductions in cognitive abilities, 

losings mineral in bone, calcification of the kidney, worsen the stress, endothelial 

dysfunction [8], hypertension, cardiovascular diseases, and water-borne diseases [9]. 

 

2.2. Energy demand 

Coal, crude oil, and natural gas are the most crucial fossil fuel sources of 

energy worldwide [10]. Natural gas is multipurpose consumption. It is mainly used 

for power generation followed by household consumption, and it is extensively used 

in industries [11], such as fuel in automotive industries and heating in industries. In 

addition, it is used as a raw material in the chemical industries or iron and steel 

industry [12]. Sometimes, it is also used as an alternative to transportation fuel and 

services. Furthermore, EIA expected that natural gas consumption in the industrial 

sector will increase 40% from 2022 to 2050 [13]. Although natural gas presents lower 

air pollution compared to others fossil fuels, it releases some toxic gases while 

combustion, including nitrogen oxides (NOx) [14] and CO2 [15]. Then renewable 

natural gas plays a key role in environment-friendly energy and meets the energy 

demand.  
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2.3. Technologies for reducing the CO2 concentration 

There are two considered worldwide options to reduce carbon dioxide 

concentration in the atmosphere, carbon capture and storage (CCS) and carbon 

capture and utilization (CCU) technologies [16]. The difference between CCS and 

CCU is the ended status of CO2 capture. CCS captures CO2 to transport it to a storage 

site for long-term storage, whereas CCU aims to convert the captured CO2 into value-

added products.  The different routes and different catalysts to produce CO, dimethyl 

ether, higher alcohol, and hydrocarbons are shown in Figure 1 [17, 18]. In addition, 

methanol can produce from CO2 hydrogenation to methanol (Eq. 2.1) or via RWGS 

reaction and continue producing methanol (Eq. 2.2) over metal catalysts such as Pd-

Cu, Pd-Zn, Cu-Zn, Pd, Pt, and In [19]. Eqs 2.3 and 2.4 represent the production of 

hydrocarbons from CO2 hydrogenation via the RWGS reaction [18]. 

 
Figure  1. Hydrogenation of CO2 to value-added products [17, 18] 

 

CO2 + 3H2 ⇌ CH3OH + H2O  ∆H298K = -49.5 kJ/mol   Eq. 2.1 

CO+ 2H2 ⇌ CH3OH   ∆H298K = -90.7 kJ/mol      Eq. 2.2  

nCO + (2n + 1)H2 → CnH2n+2 + nH2O    Eq. 2.3 

nCO + 2nH2 → CnH2n + nH2O     Eq. 2.4 

The CO2 methanation or Sabatier reaction is one of process to produce 

renewable fuels and plays an important role in commercialization [12, 20].  
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2.4. The CO2 Methanation: Sabatier Reaction 

Brodie, in 1872, was first described the conversion of CO2 to CH4 by applying 

an electric discharge to a CO/CO2/H2 mixture followed by French chemists. In 1902, 

Paul Sabatier and Jean-Baptiste Senderens observed the same reaction using 

heterogeneous catalysts. Later on, Sabatier was rewarded with the Nobel Prize in 

1912 for the “method of hydrogenating organic compounds in the presence of finely 

disintegrated metals”[21]. The CO2 methanation, also called the Sabatier reaction, is 

reaction between H2 and CO2 to produce CH4 and H2O, as shown in Eq.2.5. For two 

steps CO2 methanation reaction, first step is endothermic reversed water gas shift 

reaction (RWGS) that is conversion of CO2 and H2 into CO and H2O, the second step 

is exothermic CO methanation that is reaction of CO from first step and excess H2 to 

produce CH4 and H2O, as shown in Eqs.2.6 and 2.7, respectively [22, 23]. Note that 

CO2 methanation is thermodynamically responsive (ΔG298K= – 130.8 kJ/mol) at low 

temperatures [21, 24] and low pressure [21]. It will have the opportunity to achieve 

CO more than CH4 when the reaction temperature is higher than 450 °C [24] or 

reaction conditions proper for RWGS. Some side reactions that may occur in CO2 

methanation are listed in Table 1. 

CO2 + 4H2 → CH4 + 2H2O                 ∆H = -165 kJ/mol          Eq. 2.5                            

H2 + CO2 → CO + H2O                      ∆H = 41 kJ/mol              Eq. 2.6  

CO + 3H2→ CH4 + H2O                     ∆H = -206 kJ/mol   Eq. 2.7  

Table  1. Possible reactions occurring in methanation of carbon oxides [21] 

Reaction Reaction Type ΔH298 

(kJ/mol)  

CH4 forming 

2CO(g) + 2H2(g) ⇄ CH4(g) + CO2(g) Inverse methane 

dry reforming 

- 247.3 

Carbon forming 

CH4(g) ⇄ 2 H2(g) + Cgraphite(s) Methane 

cracking 

74.6 

CO(g) + H2(g) ⇄ Cgraphite(s) + H2O(g) CO reduction -131.3 

CO2(g) + 2H2(g) ⇄ Cgraphite(s) + 2H2O(g) CO2 reduction - 90.1 

Hydrocarbon forming 

nCO(g) + (2n + 1)H2(g) ⇄ CnH2n + 2(g) + nH2O(g) Alkane 

formation  

- 

nCO(g) + 2nH2(g) ⇄ CnH2n(g) + nH2O(g) Alkene 

formation 

- 
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2.5. Catalysts for CO2 Methanation 

Since CO2 is a stable molecule, converting it into a different molecule is 

normally energy intensive. Then, CO2 methanation requires a highly active catalyst to 

overcome the kinetic energy barrier or reduce activation energy (Ea) to achieve high 

rates and selectivity of CH4 [25]. The catalysts were used in CO2 methanation such as 

iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), rhodium (Rh), ruthenium (Ru), 

palladium (Pd), iridium (Ir), platinum (Pt) and gold (Au) supported on silicon dioxide 

(SiO2), alumina (Al2O3), zeolites, titanium dioxide (TiO2), and carbon nanomaterials 

with potassium (K), sodium (Na), Lithium (Li), Cesium (Cs), manganese (Mn) as a 

promoter. The activity and selectivity of the respective metal catalysts are shown 

below [24, 26, 27]. 

Activity: Ru>Fe>Ni>Co>Rh>Pd>Pt>Ir 

Selectivity: Pd>Pt>Ir>Ni>Rh>Co>Fe>Ru 

Noble metals are very active metals and have high CH4 selectivity even at low 

temperatures, but they are limited in term of high price [21]. At present, Ni-based 

catalysts are the most commonly used in CO2 methanation because they are highly 

active catalysts, have high CH4 selectivity, and are low cost [28].  

Support materials play an important role in the performance of a 

heterogeneous catalyst. Relation between a metal catalyst and support influences the 

catalytic activity such as catalyst metal dispersion, electron transfer between the metal 

and the support, and the introduction of additional defects sites on the support. In the 

last decade, many types of supporting materials have been published, including 

zeolite materials, carbon (carbon nanotubes, activated carbon, carbon nanofiber, and 

so on), and oxide support groups (Al2O3, SiO2, ZrO2, TiO2, CeO2 and so on) [29]. 

According to oxide support materials, Al2O3 is the most commonly used for 

methanation catalysts because of their complicated chemistry and various 

crystallographic modifications, including γ, κ, δ, θ, α phase [24]. Then, Ni/γ-Al2O3 is 

the most commonly used for industrial [21]. However, limitation of the Ni/γ-Al2O3 

catalysts is sintering while the water presence in process at high temperature. The 

Other supporting materials that got attention are metal-organic framework (MOF). 

The MOF show a highly controlled structure and high surface areas up to and above 

1000 m2g-1 [24], but they are an expensive catalyst to be a commercial catalyst [24].  

According to Ni/SiO2 catalyst, although it stands for a large surface area 

around  163 m2 g-1 of 10wt%Ni/SiO2 [30], it has been established in low CO2 

conversion [31], and it is facial chemical deactivation and thermal deactivation. Then, 

several researchers have been attempted to improve Ni/SiO2 performance. For 

instance, GuO et al. (2014) added MgO as a promoter to increase the capacity of CO2 

adsorption, inhibit Ni sintering, and oxidation [31]. Like Dias et al. (2021), who 

applied promoters (Fe, Co) to improve the dispersion of Ni leading to smaller 

crystallite size and modified the reducibility of NiO. It also enhanced the carbon 
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deposit (cocking) and sintering [32]. Besides improving the performance of Ni/SiO2 

catalyst by adding promoter, the preparation method has been investigated. For 

example, Ye et al. (2019) prepared Ni/SiO2 catalyst by an ammonia-evaporation 

method that successfully developed nickel particle size to ultrasmall nickel particles 

resulting in high dispersion and strong interaction between nickel particle and support 

[33]. Even though numerous works were published in the development of Ni/SiO2 

performance, few works study the kinetic of Ni/SiO2. This work was designed to 

study kinetics using Ni/SiO2 because it demonstrates great catalytic performance for a 

CO2 conversion and it is wildly used in industry for CO2 methanation.   

 

2.6. Catalyst deactivation [21, 26, 29] 

Deactivation is a big problem in CO2 methanation, especially in Ni catalyst. 

The catalyst deactivation can be classified into chemical deactivation (poisoning and 

coking), thermal deactivation (sintering), and mechanical deactivation. 

1. Poisoning is a chemical reaction of impurities in feed stream. Ni catalysts 

are sensitive to gas impurity containing hydrogen sulfide (H2S). Nickel oxide (NiO) 

can quickly react with H2S to form an inactive phase of nickel sulfide (NiS) on the 

catalyst’s surface, as shown in Eq.2.8 results in catalyst deactivation [20]. Alarcón et 

al. (2020) presented a scheme of the proposed reaction mechanism of CO2 

methanation under H2S poisoning for Ni-CeO2 catalyst. Obviously, the adsorption of 

sulfur (green spot) blocks the active site (Figure 2) cause of low methane selectivity 

and CO2 conversion [34]. The result from H2S in the feed stream is shown in Figure 3.  

 

NiO(s) + H2S(g) ⇄ NiS(s) + H2O(g)            Eq. 2.8  

 
 

Figure  2. Proposed mechanism under H2S poisoning for Ni-CeO2 catalyst [34] 
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Figure  3. CO2 conversion change with H2S present in CO2 steam. 

 

2. Fouling and coking are the main problems of catalyst deactivation in CO2 

methanation [23]. They are the physical deposition of C species at the active surface, 

resulting in activity loss due to the blockage of sites and pores. Carbon deposition can 

occur at a ratio of the hydrogen atom and carbon atom (H/C) in the range of 0.5–1 and 

operated at a temperature more than 500 °C. It can be called black or hard coke. 

Regarding white or soft coke, it preferentially formed at the low reaction temperature. 

Besides, a ratio of H/C and temperature, long time on stream, more acidic sited or 

high aluminum content, and more basic hydrocarbon encourages the formation of 

more coke components covering the surface of catalysts with low H/C. To prevent the 

carbon deposition, the optimization of operating conditions, such as changing pressure 

or temperature, increasing H/C ratio, and adding steam and the development of 

catalysts by formation of alloy and adding promoter, were reported. 

3. Sintering is the process of merging active metals that results in a lower 

surface area, as shown in Figure 4. Several researchers supported that sintering of 

supported Ni catalysts generally can occur at a temperature higher than 500 °C [35-

38]. In addition, the water can further accelerate the sintering process. Ni sintering can 

be developed by increasing the metal-support interaction, adding promoters, 

improving preparation methods, and operating temperature at less than 30%–40% of 

the melting point of the used active metal [20]. 

 
 

Figure  4. Schematic representation of supported metal catalysts sintering 
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4. Mechanism failure of catalysts can happen by attrition and/or thermal stress. 

Attrition is crashing of each other catalyst particles or crashing with the reactor wall 

and losing some part of the catalyst or loss active surface area. Thermal stress is 

caused by magnified by temperature gradients across particles and by differences in 

thermal expansion coefficients at the interface of two different materials, for example, 

catalyst coating/monolith interface [20].  

 

2.7. Effect of temperature  

Since the Sabatier process is an exothermic reaction, temperature and pressure 

are important parameters. Some researchers found that CO2 methanation is favored at 

a temperature range between 200–400 °C [23, 29, 39]. However, Thema et al. (2019) 

reported that the Sabatier process operated at high temperatures (200–550 °C) and 

high pressure because the CO2 methanation reaction is thermodynamically more 

favorable at high operating pressure. At any rate, it depends on the optimal activity of 

the catalysts [40]. The reaction rate of methane will be increased when the 

temperature increases. However, it has to be noticed that operating at high 

temperature (more than 500 °C) can obtain more CO concentration because of the 

RWGS reaction [29] and the carbon deposited process leading to catalyst 

deactivation. Jaijian and Gu (2012) focused on carbon oxide (CO and CO2) 

methanation reaction. They reported that the CO2 conversion decreases with 

increasing temperature and increases with the pressure [41]. Siakavelas et al. (2021) 

focused on catalytic performance for the methanation of CO2 over Ni catalysts 

supported on cerium (IV) oxide (CeO2) and CeO2-based oxides at atmospheric 

pressure, 200-500 °C, 240 mg of catalyst loading, GHSV of 25,000 mLg-1 h-1, H2/CO2 

molar ratio equal to 4, and feeding 50% Ar in a continuous flow fixed bed tubular 

reactor. They found that CO2 conversion is increased at the range of temperature 200–

400 °C and decreased at 500 °C as well as CH4 yield. For selectivity, CH4 selectivity 

is almost reached 100% until 400 °C, and it is decreased at temperature more than 

450 °C, resulting from increasing CO selectivity because of the endothermic character 

of the RWGS reaction. In addition, at the high operating temperature may be occurred 

the sintering of nickel [39]. Bukhari et al. (2021) studied the catalytic performance of 

the Ni supported on fibrous type SBA-15 in CO2 methanation using a packed-bed 

reactor at 250–450 °C, atmospheric pressure, catalysts loading of 200 mg, ratio of 

H2/CO2 equal to 4, and GHSV of 24,900 mL g-1 h-1. The results showed that CH4 

yield and CO2 conversion were decreased with operating temperature more than 

400 °C due to the exothermic nature of CO2 methanation [42]. Regard to Kesavan et 

al. (2018), who reported the catalytic conversion of CO2 to synthetic CH4 on Ni/YSZ 

in a fixed bed quartz reactor with 100 mg of catalyst loading, operating temperature 

equal to 500 °C to 250 °C at atmospheric pressure, and 81600 h-1 of GHSV. As a 
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result, above 500 °C, the CO2 converts to CO instead of CH4 because of RWGS 

reaction is favored at high operating temperature. However, CO2 conversion is 

continuously increased from 52% to 58% with 375 to 500°C, respectively [43].  

 

2.8. Effect of gas hourly space velocity (GHSV)  

GHSV is defined as the ratio of the volumetric flow rate of gas feed streams as 

reactants at standard conditions to the total catalyst volume or total catalyst weight 

[23]. High GHSV results in low CO2 conversion and CH4 selectivity because higher 

GHSV implies a shorter residence time in the reactor [44]. According to Shafiee et al. 

(2021), who investigated performance of Ni/Al2O3 catalysts via CO2 methanation in a 

quartz fixed bed microreactor. GHSV was studied in the range of 6000 mlg-1h-1 to 

30,000 mlg-1h-1 by using 200 mg of catalyst loading and a feed stream containing H2 

and CO2 (H2/CO2 4/1). The results showed that a decrease of CO2 conversion was 

caused by an increase in GHSV due to the shorter contact time and a lower amount of 

adsorbed CO2 or H2 on the surface of the catalyst; however, the increase in GHSV 

does not effect on CH4 selectivity [44]. A similar result was done by Gholami et al. 

(2021) which the Ni/Cr2O3 catalysts were evaluated in CO2 methanation reactions via 

fixed bed continuous flow quartz reactor [45]. Like Taherian et al. (2020), who 

reported that the conversion of CO2 declined with an increase in the GHSV due to 

decreasing contact time between feed gases and catalysts, but methane selectivity is 

not changed by changing GHSV [46].  

 

2.9. Effect of H2/CO2 ratio 

The stoichiometric ratio of H2 and CO2 in the Sabatier reactor is 4/1, so the 

molar ratio of H2/CO2 in feed stream should be consumed in CO2 methanation 

reaction at less than 4/1. Jaffar et al. (2019) studied the influence of H2/CO2 ratio 

within the range of 2/1–4/1 at a catalyst temperature of 360 °C using 10wt%Ni/Al2O3 

catalysts at a total GHSV of 6000 mLg-1h-1 in fixed bed catalytic reactor. They 

reported that the optimum H2/CO2 ratio was 4/1 because an optimum H2/CO2 ratio of 

4/1 is required [47]. Like Aziz et al. (2014), who reported the same suitable H2/CO2 

molar ratio of 4/1 using Ni-based catalysts in a quartz fixed bed reactor [48]. 

Similarly, Zhou et al. (2015) investigated the effect of H2/CO2 molar ratio within the 

range of 1/1 to 7/1. They reported that CO2 conversion and CH4 selectivity is 

achieved at the desired level when H2/CO2 molar ratio reached up to 4 which the 

2.5Ce–10Ni/γ-Al2O3 catalyst was carried out in a fixed bed reactor with an operating 

temperature of 400 °C, at pressure of 0.1 MPa and GHSV of 7,200 h-1 [49]. However, 

these results conflict with Hatzisymeon et al. (2021), who focused on CO2 

hydrogenation over supported Ni and Ru catalysts using fixed bed reactor. The effect 
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of H2/CO2 ratio in the feed was investigated over 5wt%Ni/CeO2 catalyst under a 

GHSV of 22,750 h-1. They found that the CH4 selectivity was improved with 

increasing the H2/CO2 molar ratio, indicating that higher amount of H2 in the feed 

stream favors the conversion of CO2 to CH4 [50]. As the same result with Konsolakis 

et al. (2019), The effect of the H2/CO2 feed ratio was evacuated over Cu/CeO2-NR via 

quartz fixed bed U-shaped reactor with a mixture of 200 mg catalyst diluted with 200 

mg of inert SiO2, operated at atmospheric pressure, GHSV of 20,000 h-1 and H2/CO2 

molar ratio of 1–9. With regard to the result, higher H2/CO2 feed ratios are probably 

to produce methane instead of the CO formation because the Sabatier reactor is more 

dependent on hydrogen [51]. Also, comparable results have been reported by Han et 

al. (2020), who studied the effect of H2/CO2 ratio in the range of 3.5 to 5 in CO2 

methanation using 20wt%Ni-Mg-Al catalysts at operating condition following, 

operating temperature 350 °C at a GHSV of 30,000 h-1 and 500 mg of the catalyst 

loading. They reported that increasing the concentration of H2 in the feed stream 

results in increasing of CO2 conversion and CH4 yield, whereas the CH4 selectivity 

remained almost constant [52]. According to the conclusions from these studies, the 

different H2/CO2 molar ratios required in CO2 methanation reaction may have 

considerable effects on the reaction behavior and the dominance of a specific reaction 

pathway. 

2.10. Mechanism  

Mebrahtu et al. (2019) compiled and categorized the CO2 methanation 

reaction mechanisms into two categories. There are an CO2 associative and a CO2 

dissociative mechanism. In an associative scheme [21], the first mechanism is the CO2 

adsorption on the support and reacts with adsorbed hydrogen atoms (H), then formed 

in metal to form oxygenates such as formate species (COOH*) at the metal-support 

interface. The COOH* can give rich carbonyl species (CO*) hydrogenated to methane 

[53]. It can be noticed that the CO intermediate formation is not taking place in this 

sequence. On the other hand, a dissociative scheme starts with CO2 dissociation into 

carbonyl (CO*) and an oxygen atom on the metal surface. The carbonyl is then 

hydrogenated step by step to form methane [21]. However, Zhu et al. (2020) reported 

mechanisms CO2 methanation via RWGS reaction into two mechanisms. One is redox 

mechanism that metal catalyst is oxidized by CO2 to occur CO, and then H2 reduces 

the catalyst to produce CH4 and H2O. The catalyst used in this process must be 

reducible oxides, which can be reduced and oxidized under reaction conditions. 

Another is association mechanism that is CO2 adsorption on the surface of catalysts 

and reacts with dissociated H to form an intermediate species such as COOH*, 

carbonate (CO3
2-), carboxyl (*COOH), and bicarbonate (HCO3

-), which is 

decomposed to CO and H2O [54]. Xu et al. (2021) proposed CO2 methanation 

mechanism over Ni/ZrO2 via two experiments, including in-situ Fourier transform 
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infrared spectroscopy (FTIR) experiments (absence of H2) and spin polarized DFT 

calculations. As regards In-situ FTIR experiments in the absence of H2, bidentate 

carbonates and monodentate carbonates group bands appear at temperatures ranging 

from 50 to 400 °C, which gradually increase with increasing temperature. Bicarbonate 

species (CO3H*) are formed at lower temperature and start disappearing at 150 °C 

along with the HCOO* formation. HCOO* rapidly increase at temperatures ranging 

from 150 °C to 250 °C and then decrease and clearly disappear at 310 °C, while 

HCOO* decrease. Methane species (CH4*) will appear at 280 °C. CO* are produced 

via transformation of CO2* -Ni species (reaction on metal area) around 340 °C. As for 

the results via combination In-situ FTIR and DFT calculations show that the 

interaction between CO2 and OH sites produce CO3H*, which are formed into CO2* 

adsorbed state on the Ni/ZrO2 interface followed by hydrogenated to CH4. However, 

the CO2 interacting with surface Ni sites are hydrogenated to CO* as a byproduct 

more than an intermediate for CO2 methanation. Moreover, they reported the optimal 

pathway of CO2 methanation on the Ni/ZrO2 catalyst follows the HCOO* pathway 

that go through CO3H* → CO2*-interface → HCOO* → H2COO* → H2COOH* → 

H2CO* → CH2* → CH3* → CH4* with the rate determining step is the HCOO* 

hydrogenation to H2COO*[55]. 

In the same result with Bian et al. (2020), who reported that possible CO2 

methanation reaction steps over Ni/CeO2 might come from COOH* intermediate 

formation that proposed mechanism in Table 2, where O* is the oxygen active site 

(oxygen vacancy) and *M is the Ni active site at the Ni-ceria interface. The kinetic 

model has been derived via S-4, S-6, and S-10 as rate determining step (RDS) [56]. 

Similarly, Takano et al. (2016) found the adsorbed COOH* species formed on the 

catalysts in the Operando DRIFT study and reported that bidentate carbonate is the 

most important intermediate on the Ni/Y-doped ZrO2 catalysts [57].  

 

Table  2. Propose mechanism over Ni/CeO2 catalysts via formate intermediate [56] 

Reaction steps Step 

H2+2*M → 2H*M S-1 

H*M + O* → OH*+*M S-2 

CO2+O* → OCO2* S-3 

OCO2*+ OH*→ OCOOH* + O* S-4 RDS 

OCOOH*+ H2 → OCOH*+H2O S-5 

OCOH*+ H2 → OCH2OH* S-6 RDS 

OCH2OH*+H2 → OCH3* + H2O S-7 

OCH3*+H2→ CH4+OH* S-8 

OCO2*+H2 → OCO*+H2O S-9 

OCOH*+OCO2* → OCO*+OCOOH* S-10 RDS 

OCOH*+O* → OCO*+OH* S-11 

OCOOH*+OH*→ OCO*+H2O S-12 

OCO*→ CO+O* S-13 
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Cárdenas-Arenas et al. (2021) revealed CO2 methanation mechanism on 

Ni/Al2O3 and Ni/CeO2 catalysts using diffuse reflectance infrared Fourier transform 

spectroscopy (DRIFTS) experiment. The results showed that CO2 methanation on the 

Ni/Al2O3 catalysts follows the formate species (HCOO*). The CH4 production on 

Ni/Al2O3 takes place with CO2 chemisorption on hydroxyl groups presence 

bicarbonate (CO3H*) group band at 150 °C, which slowly decreases along with 

HCOO* increasing and they are got negative group bands at 350 °C. In contrast with 

the behavior of Ni/CeO2, the HCOO* are not shown in DRIFTS result. The spectrum 

of this catalyst shows bidentate carbonates and monodentate carbonates at 150 °C and 

disappear under reaction conditions [58]. 

Ren et al. (2015) reported that the best mechanism for CO2 methanation over 

Ni(111) surface by density functional theory (DFT) is CO2 → CO + O → C + O + 4H 

→ CH2 + 2H → CH3 + H → CH4, that starts with CO2 dissociation into CO and O, 

CO decomposition into C and O species and C species hydrogenation to form CH4 

[59]. 

Jia et al. (2019) proposed CO2 methanation mechanism over plasma 

decomposed Ni/ZrO2 (Ni/ZrO2-P) catalysts compared with Ni/ZrO2 catalysts 

synthesis via incipient wetness impregnation method (Ni/ZrO2-C) using the Operando 

DRIFT calculation. The results showed that the Ni/ZrO2-P catalysts produced CH4 via 

the CO-hydrogenation route and formate-hydrogenation route via Ni/ZrO2-C 

catalysts. According to route of CO2 hydrogenation over Ni/ZrO2-P catalysts, there 

are two possible routes. First route is CO2 reacts with OH groups on surface of 

supports to produce bidentate bicarbonates, while H2 is dissociated into H atom on Ni 

active phase.  These H atoms react with (bi)carbonates to produce bidentate formate 

and water. Another route is CO2 reacts with adsorbed O2- that formed by CO2 

chemisorption and dissociation to produce monodentate carbonates, then react with H 

atom to produce monodentate formats and water. After that, the formats are 

transformed into adsorbed CO, and hydrogenated to build CH4.  About Ni/ZrO2-C 

catalysts that take place HCOO* route, it is similar to the first route mechanism over 

Ni/ZrO2-P, but HCOO* are hydrogenated to CH4 directly not present in CO 

intermediate [60].   

Baraj et al. (2016), Low (2020), and Jalama (2017) reported the CO2 

methanation mechanism via carbon intermediate mechanism shown in Table 3 that 

proposed in 12 steps. The first step of CO2 hydrogenation is both dissociation and 

adsorption of H2 to hydrogen atom (H) and CO2 to CO and oxygen (O) atoms arising 

carbonyl species (CO*) (steps 1–3). The CO* adsorbed on the active site further 

dissociates into C* and O* (step 4), subsequently the C* reacts with hydrogen atom to 

produce HC*, methanediyl (CH2*), methyl (CH3*), and finally converting into 

methane (steps 5–9). The oxygen atom is hydrogenated to form water (steps 10–

12)[61-64]. 
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Table  3. Propose mechanism via carbon intermediate [61-64] 

Reaction steps Step 

H2+2* → 2H* S-1 

CO2 + 2* → CO*+O* S-2 

CO* → CO + * S-3 

CO* + * → C* + O* S-4 

C*+ H* → CH*+ 4* S-5 

CH*+ H* → CH2* + 4* S-6 

CH2*+ H* → CH3* + 4* S-7 

CH3*+ H* → CH4* + 4* S-8 

CH4* → CH4 + * S-9 

O*+H* → OH*+* S-10 

OH*+H* → H2O *+* S-11 

H2O *→ H2O + * S-12 

 

Table  4. Propose mechanism via formyl intermediate [64] 

Reaction steps Step 

CO2 + 2* → CO* + O* S-1 

H2 + 2* → 2H* S-2 

CO* + H* → CHO* + * S-3 

CHO* + * → CH* + O* S-4 

CH*+ 3H* → CH4* + 3* S-5 

CH4* → CH4 + * S-6 

O*+ H* → OH*+* S-7 

OH*+H* → H2O *+* S-8 

H2O *→ H2O + * S-9 

 

Although numerous efforts have been done, the reaction mechanism is 

ambiguous. It is probably because the  different catalyst used , different types of 

reactor used and different reaction conditions such as temperature and partial pressure 

influences on different purpose CO2 methanation mechanism [65]. As for the above 

reviews, the CO2 methanation over supported Ni catalysts usually undergoes formate 

intermediate using FTIR measurement or/and DFT calculation to purpose 

mechanisms. The possible species were displayed in the FTIR result, as shown in 

Figure 5. 

 
Figure  5. Carbon species and adsorption regions in infrared spectra [58] 
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2.11. Kinetic study  

Although kinetics models for CO2 methanation have been published since 

Binder and White (1950), the reaction mechanism, surface intermediates, and RDS of 

this reaction are still debatable[65]. The rate equations for heterogeneous catalyst at 

surface catalyst were derived with different adsorb mechanisms.  

Monomolecular mechanism: This is the simplest mechanism derived based on 

assumptions of one reactant A to produce one product B. Furthermore, reactant A 

exhibits adsorption on the surface of catalyst as Langmuir isotherm. The derived 

equation of monomolecular mechanism is shown in Eq.2.9. 

𝑟 =  
𝑘𝑠𝐾𝑎𝑑𝑠,𝐴𝑝𝐴

1+𝐾𝑎𝑑𝑠,𝐴𝑝𝐴
         Eq. 2.9 

 Langmuir-Hinshelwood mechanism: This mechanism is wildly used to explain 

the kinetics of heterogeneous catalyst. The assumption to derive the equation is both 

reactants (A and B) adsorbed on the equilibrium surface. Prins (2018) derived 

elementary rate equation in assumption of catalytic reaction between adsorbed 

reactant A and B to produce product C and D showing in Eq.2.10 [66]. 

𝑟 =  𝑘𝑠𝜃𝐴𝜃𝐵 = 𝑘𝑠
𝐾𝑎𝑑𝑠,𝐴 𝐾𝑎𝑑𝑠,𝐵 𝑝𝐴𝑝𝐵 − 𝐾−1𝐾𝑎𝑑𝑠,𝐶 𝐾𝑎𝑑𝑠,𝐷 𝑝𝐶𝑝𝐷

(1+𝐾𝑎𝑑𝑠,𝐴𝑝𝐴 +𝐾𝑎𝑑𝑠,𝐵𝑝𝐵+𝐾𝑎𝑑𝑠,𝐶𝑝𝐶 +𝐾𝑎𝑑𝑠,𝐷𝑝𝐷)2    Eq. 2.10 

 Eley-Rideal mechanism [66]: This expression equation was derived by the 

following assumptions.  The adsorbed reactant A reacts with non-adsorbed reactant B 

to produce product C. The basically derived rate equation for the Eley-Rideal 

mechanism was demonstrated in Eq.2.11 [67]. 

𝑟 =  𝑘𝑠𝜃𝐴𝑝𝐵 = 𝑘𝑠
𝐾𝑎𝑑𝑠,𝐴  𝑝𝐴𝑝𝐵

1 +𝐾𝑎𝑑𝑠,𝐵𝑝𝐵
       Eq. 2.11  

Power law model [68]: Three cases can be discerned: (a) RDS is a hydrogen-

assisted dissociation of CO [17]; (b) the RDS is the formation of an oxygen-

containing intermediate [18]; (c) the RDS is hydrogenolysis of the oxygen-containing 

intermediate [19]. All the kinetic models just mentioned leading to an approximate 

power rate law. 

𝑟 =  𝑘𝑠𝑝𝐴
𝛼 𝑝𝐵

𝛽
         Eq. 2.12 

Several published kinetics are based on Langmuir-Hinshelwood or power law 

approach.  Chiang and Hopper (1983) studied the kinetics of the CO2 hydrogenation 

to methane using 58% Ni/kieselguhr catalysts and conducted in a continuous-flow 

tubular reactor system with a fluidized sand bath to maintain a temperature. They 

compared the power law rate equation (PL) with a Langmuir–Hinshelwood–Hougen–

Watson (LHHW) adsorption type model, and they found that PL is more valuable 

because of the simplicity [69].  
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Table  5. CO2 methanation over supported Ni catalysts rate equations proposed 

Rate equations Kinetic 

approaches 

Ref 

 𝑟𝐶𝐻4
=

𝑘𝑃𝐻2
0.5𝑃𝐶𝑂2

1/3

(1+𝐾𝐻2𝑃𝐻2
0.5+𝐾𝐶𝑂2𝑃𝐶𝑂2

0.5 )2  : Differential reactor 

𝑟𝐶𝐻4
=

𝑘𝑃𝐻2
0.5𝑃𝐶𝑂2

1/3

(1+𝐾𝐻2𝑃𝐻2
0.5+𝐾𝐶𝑂2𝑃𝐶𝑂2

0.5 +𝐾𝐻2𝑂𝑃𝐻2𝑂)2  : Integral reactor 

LH 

 

[72] 

𝑟𝐶𝐻4
=

𝑘𝑃𝐻2

1/3
𝑃𝐶𝑂2

0.5

(1 + 𝐾𝐻2
𝑃𝐻2

0.5+𝐾′𝐶𝑂2
𝑃𝐶𝑂2

1/3
+𝐾′′𝐶𝑂2

𝑃𝐶𝑂2

2/3
+ 𝐾𝐻2𝑂𝑃𝐻2𝑂)2

 
LH [73] 

𝑟𝐶𝐻4
= 1.19 × 106exp [−

14600

𝑅𝑇
]𝑃𝐻2

0.21𝑃𝐶𝑂2
0.66 

PL [69] 

𝑟𝐶𝐻4
=

(
𝐾1𝐾2𝐾10𝑘4𝑘11

2
)0.5𝐿2𝑃𝐻2

0.5𝑃𝐶𝑂2

0.5

(1 + (
2𝐾2𝑘4

𝐾1𝐾10𝑘11
)0.5

𝑃𝐶𝑂2

0.5

𝑃𝐻2

0.5 + (
𝐾1𝐾2𝐾10𝑘11

2𝑘4
)0.5 𝑃𝐶𝑂2

0.5𝑃𝐻2

0.5 +
𝑃𝐶𝑂
𝐾3

)2

 
LH [70] 

𝑟𝐶𝐻4
=

𝑘𝑃𝐻2

0.5𝑃𝐶𝑂2

0.5 (1 −
𝑃𝐶𝐻4

𝑃𝐻2𝑂
2

𝐾𝑒𝑞𝑝𝐶𝑂2
𝑝𝐻2

4 )

(1 + √𝐾𝐻2
𝑃𝐻2

  +𝐾𝑚𝑖𝑥𝑃𝐶𝑂2

0.5 + 𝐾𝐻2𝑂𝑃𝐻2𝑂)2
 

LHHW [64] 

𝑟𝐶𝐻4
=

𝑘1𝐾𝐻𝐶𝑂𝑂𝑃𝐶𝑂2
𝐾𝐻2

0.5𝑃𝐻2

0.5(1 −
𝑃𝐶𝐻4

𝑃𝐻2𝑂
2

𝐾𝑒𝑞𝑃𝐶𝑂2
𝑃𝐻2

4 )

(1 + 𝐾𝐻𝐶𝑂𝑂𝑃𝐶𝑂2√𝐾𝐻𝑃𝐻2
+√𝐾𝐻2

𝑃𝐻2
+ 𝐾𝑂𝐻

𝑃𝐻2𝑂

√𝑃𝐻2

)2

 

LH [65] 

𝑟𝐶𝐻4
=

𝑘𝑃𝐻2

0.5𝑃𝐶𝑂2

0.5

(1 + 𝐾𝑂𝐻  
𝑃𝐻2𝑂

𝑃𝐻2

0.5 )

2 (1 −
𝑃𝐶𝐻4

𝑃𝐻2𝑂
2

𝑃𝐶𝑂2
𝑃𝐻2

4 𝐾𝑒𝑞
) 

- [71] 

𝑟𝐶𝐻4
=

𝑎𝐼𝐼𝑃𝐻2

0.5𝑃𝐶𝑂2

0.5

(1 + 𝑏𝐼𝐼 ( 
𝑃𝐶𝑂2

𝑃𝐻2

)
0.5

+ 𝑐𝐼𝐼𝑃𝐶𝑂2

0.5𝑃𝐻2

0.5 + 𝑑𝐼𝐼𝑃𝐻2
)2

 
LH [74] 

𝑟𝐶𝐻4
=

𝑘4𝐾1
0.5𝐾2𝐾3𝑃𝐶𝑂2

𝑃𝐻2

0.5

(1 +  
𝑘4𝐾1

0.5𝐾2𝐾3

𝑘6
 𝑃𝐶𝑂2

 𝑃𝐻2

−0.5)2

 
LH [56] 

𝑟𝐶𝐻4
=

𝑘𝑃𝐶𝑂2

0.5 𝑃𝐻2

3/2

(𝑃𝐻2

0.5+𝐾1𝑃𝐶𝑂2

0.5 + 𝐾2𝑃𝐻2
𝑃𝐶𝑂2

0.5)2
 

LH [75] 

 

In contrate with Weatherbee et al. (1982), who observed the kinetic on CO2 

methanation using Ni/SiO2 catalysts. Kinetic equations for the methanation of CO2 

were proposed using Langmuir-Hinshelwood (LH) and PL. The results showed that 

LH rate expression was more fitting to experimental data. They also realized that the 

rate of CO2 hydrogenation is sensitive to reaction conditions with the low partial 

pressure of CO2 and H2, while reaction order is zero order  with respect to H2 [70]. 

According to Hernandez Lalinde et al. (2020), who chose LH type approach to learn 

kinetics of CO2 methanation over Ni/Al2O3 catalysts using packed bed reactors. The 

LH rate equations were derived based on three different mechanisms, direct 
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dissociation (CO* intermediated), hydrogen assisted dissociation (COH* or HCOO* 

intermediated), and a combination of two mechanisms. As for the results, hydrogen 

assisted dissociation is in excellent agreement with the experimental data [65]. 

Similarly, Miguel et al. (2018) compared the rate equation via three following 

literature mechanisms. They found that the formyl species (COH*) mechanism 

showed an excellent fit to the experimental data [71]. The published kinetic models 

were expressed in Table 5. 

2.12. Reactor for kinetic study 

Two reactor types can be used for methanation reactions. There are two-phase 

fixed bed reactors and fluidized bed reactors  [76]. The fluidization of catalyst 

particles in fluidized bed reactors results in high mechanical stress of the particles and 

reactor walls, leading to catalyst loss and shorter reactor life [27]. Then, a fixed bed 

reactor is mainly used in CO2 methanation. For investigated kinetics of the reaction, 

type of reactors can categorize into the differential reactor and integral reactor. The 

differential reactor is used to study kinetic with low product concentration [77] and a 

few grams of catalyst [78]. The differential reactor is usually diluted reactants fed 

with 90% inert gas and diluted catalysts with inactive catalysts to prevent excessive 

temperature [78]. In contrast, the integral reactor operates at a thick catalyst with a 

high concentration of products [79, 80]. Therefore, it is emphasized in the industrial 

section for CO2 methanation reaction [81].  Another advantage of the integral reactor 

is easy to install, but it is challenging to observe the kinetics of reaction because the 

reaction mechanism changes with changing temperature along the length of the 

reactor [82].  

A few studies have been done kinetic experiments by using differential 

reactors. Dry et al. (1972) studied Fisher-Tropsch reaction over iron catalysts in the 

differential reactor. The initial gases were fed in the reactor, including H2/CO molar 

ratio (1/1 to 7/1) containing 12% CH4 and 0.7% CO2 [83]. According to Lunde and 

Kester (1974), who investigated CO2 methanation on a Ru catalyst in differential 

reactor. The inlet gases with followed factitious CO2 conversion were fed at 0 to 0.85 

with molar ratios 2/1 to nearly 4/1 of H2/CO2, and reaction temperatures of 204 to 

370 °C were investigated [84]. Researchers indicate differential reactor by percent of 

conversion, which either study reported different value. Lim et al. (2020) said that 

CO2 methanation was conducted in the range of CO2 conversion below 15% [85], 

consistent with Karemore et al. (2021) [86].  Lower than that, Pandey et al. (2018) 

reported below 8% [87]. The lowest conversions during kinetic tests were kept at a 

lower than 1% [88, 89].  

For integral reactor, Zhao et al. (2012) focused on syngas methanation over 

Ni/Al2O3 catalysts using a fixed-bed integral reactor. The catalysts were operated at 

over 140 mm of temperature zone, 500 mg of catalyst loading was diluted with inert 
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Al2O3, and 100 mLmin-1of total gas flow rate. More than 90% of conversions were 

received in this study [90]. Barrientos et al. (2016) estimated rate constant of CO 

methanation reaction in the integral reactor. The 50–100 mg of catalyst loading 

diluted with 5 g of SiC was carried out in a fixed bed reactor with the total gas flow 

equal to 15 NLh-1 and 3/1 of H2/CO molar ratio. The results showed that conversions 

of CO over Ni/γ-Al2O3 were lower than 50% [91]. Similar reaction to Irankhah et al. 

(2007), they deserved the CO conversion around 50–70% over cobalt supported 

catalysts in supercritical phase [92].  Hadjigeorghiou and Richardson (1986) reported 

an integral reactor in Fischer-Tropsch synthesis over Ni/Al2O3 catalysts to appear in 

temperature reaction above 267 °C to get CO conversion over 90% [93].  

Whereas the differential and integral reactors were reported in different 

limitations, a few publish were publicized in combined reactors to estimate the kinetic 

parameters. Kai, Forusaki, and Yamamoto (1984) studied the kinetics of CO 

methanation over Ni/Al2O3 catalysts using differential and integral reactors. Both 

reactor tests were carried out with diluted catalysts by inactive alumina particles. In 

the differential reactor study, measurements kept CO2 conversion less than 1% by 

diluting partial pressure of reactants (CO2 and H2) with nitrogen gas. The H2/CO2 

molar ratio in differential reactor study is 1.2/1 and 16/1. Determinations in the 

integral reactor were related at H2/CO2 malar ratio is 1.3/1 to 5/1 with a high and wide 

range of conversion [89]. Four years later, Kai and Takahashi researched a similar 

study. They focused on the kinetics of CO2 methanation over Ni/La2O3 catalysts. The 

differential reactor study is kept CO2 conversion less than 3% with diluting nitrogen 

gas in reaction owing to changing partial pressure of reactants, and the molar ratio of 

H2/CO2 was 0.6/1 to 30/1. In the integral reactor study, the CO2 methanation reaction 

was performed at a molar ratio of 4 without diluting nitrogen gas [72]. Karemore et al. 

(2021) used two reactors for different influence studies over Ni–K/CeO2–Al2O3 

catalyst, the reaction condition in an integral reactor is CH4/H2O/CO2 equal to 3/2/1, 

space-time (W/Q0) between 0.08 and 0.33 ghL-1, and 0.2–0.5 mol/mol of steam to 

carbon ratio. In the differential reactor, influence of the partial pressures (CH4, H2O, 

and CO2) was investigated with diluting by 72 % N2. The data were evaluated kinetic 

by Power law rate equation [86].  

 

2.13. Related literatures 

Weatherbee and Bartholomew [70] studied kinetics and mechanism of CO2 

methanation over 3wt%Ni/SiO2 catalyst. Experimental data were achieved under 

reaction temperature of 226 to 326 °C and low pressure 0.14 to 0.175 MPa using an 

isothermal differential tubular reactor with 1 cm inner diameter. CO2 conversion was 

emphasized at less than 10%. They realized that the data suited Langmuir-

Hinshelwood (LH) with a CO2 dissociated to carbon mechanism.  
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Chiang and Hopper [69] emphasized the kinetics of the CO2 hydrogenation to 

methane over 58%Ni/kieselguhr catalyst using a continuous-flow tubular reactor with 

a fluidized sand bath maintaining a temperature. The kinetic characterizations were 

investigated between reaction temperature 278 to 317 °C and a total pressure range 

from 1.16 to 1.82 MPa with a constant catalyst weight of 15 mg. The results showed 

that the power law model is the best described kinetics because of the uncomplicated 

mechanism. 

Kai and Takahashi [72] Ni-La2O3 catalyst no effects of pore diffusion were 

observed. The catalyst particles were diluted by inert alumina in the same particle size 

to avoid a temperature rise due to the heat of the reaction. Kinetic data for the 

methanation of CO2 were obtained using differential and integral reactors. The 

measurements were carried out in the differential reactor study while keeping CO2 

conversions less than 3 %. The partial pressure was varied by diluting the feeds with 

N2. The molar ratio of H2/CO2 was varied between 0.6 and 30. In the integral reactor 

study, the non-diluted gases were fed with a molar ratio of 4. For both types of reactor 

tests, the temperature was studied between 513 K and 593 K. 

Koschany, Schlereth, and Hinrichsen [64] compared two approaches of 

kinetic rate equations, power law and Langmuir–Hinshelwood–Hougen–Watson 

(LHHW) models. The NiAl(O)x catalysts diluted with purified SiC in the catalyst-to-

SiC ratio of 1/9 were conducted in a differential-integral fixed bed reactor. The kinetic 

data were observed with catalysts loading of 25 mg in the temperature range of 250 to 

340 °C, and 75 mg between 180 and 240 °C with different feed ratios of 

H2/CO2/CH4/H2O/Ar. The results showed that the power law rate equations were not 

suitable for Koschany's study because the reaction rate was overestimating while the 

larger amounts of product gases were present. These equations are probably more 

suitable for the differential conversion in the vary low product gases process. For 

LHHW, the data are predicted very well with the LHHW model, and rate equations 

can be reflected from the differential to almost complete conversion for all reaction 

conditions applied in this study. So, LHHW rate equations are fitted to describe the 

kinetics compared to PL rate equations.  

Marocco et al. [94] followed the kinetic models from Koschany et al. [64]. The 

kinetic studies were focused on Ni/Al hydrotalcite catalyst over a differential reactor. 

The experimental conditions were carried out at temperatures of 270–390 °C, 

atmospheric pressure, and total flow rates of 200 and 300 mL/min. The catalyst was 

diluted by inert SiO2 in the ratio of 1/3 (active/inactive catalyst) to suppress the 

temperature rise caused by the naturally exothermic reaction. The results 

demonstrated the the combination of power law and LHHW models showed better 

fitting with inhibiting influence adsorption of water and formyl formation as RDS. 

Champon et al. [75] considered a single step (Sabatier reaction) and second 

steps (combination between RWGS and CO methanation) in the absence of transport 

limitation. Kinetics over commercial 14–17%wt Ni/Al2O3 catalyst were studied in the 

isothermal plug-flow reactor at temperatures of 350 to 450 °C and atmospheric 

pressure. At first, the reaction orders were determined from kinetic data obtained from 
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differential mode. Then, the kinetic parameters were estimated using data obtained 

from the integral and differential conditions by applying the ideal plug flow reactor 

(PFR) model.  

Lalinde et al. [65] derived kinetic models for CO2 methanation and RWGS 

reactions from the LH approach. The kinetic experiments were conducted at 320–420 

°C, total pressures of 0.1–0.7 MPa, and 50–150 mL/min flow rates with 30 wt% 

Ni/Al2O3 catalyst loadings at 77 to113 mg. They found that the suitable model to 

describe the kinetics over this catalyst was a hybrid mechanism between CO 

intermediate and formyl intermediated with dissociation of formyl as RDS.  

This work aims to determine kinetic parameters and predict the mechanism of 

CO2 methanation reaction over commercial catalyst using an isothermal differential 

fixed bed reactor without diffusional limitation.   
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CHAPTER III 
 

RESEARCH PROCEDER  
 

3.1. Kinetic measurements 

A commercial catalyst, 17–23%wt Ni/SiO2 provided by GL science (1050-

12100), was used for the kinetic studies. The catalyst contains 17–23% Ni and 34–

42% NiO. Note that Ni is not the only metal in the catalyst. CuO is also dispersed, 

although the concentration is low at 2%. Other components are 24–28% SiO2 and 

water content. The 20 mg Ni/SiO2 catalyst was diluted with inactive γ-Al2O3 particles 

of 180 mg. Particles were sieved to 212–300 μm and filled in the center of a tubular 

quartz tube inner diameter of 5 mm. After that, the catalyst was reduced to transform 

nickel oxide (NiO) into Ni0 with a flow H2/Ar mixture at 200 mL/min. It was kept at 

500 °C for 5 h to reduce the catalyst completely. Then, in order to prevent the 

deactivation of the catalyst during the kinetic test, the catalyst was aged at 

atmospheric pressure and 500 °C for 35 h with flow of H2/CO2/CH4/H2O/Ar mixture 

at the equilibrium state. The total flow rate was kept at 200 mL/min. Stable activity 

during the kinetic tests was observed by monitoring it before and after each 

measurement set at reference points (300–350 °C, H2/CO2/Ar = 4/1/5). To design a 

differential reactor, the effect of temperature, total flowrate, dilution of catalyst should 

be considered. In a preliminary work, the conditions for kinetic measurements were 

determined as total flow rate of 200 mL/min at 300–350 °C. Initial feed composition 

was determined by following the stoichiometry of the Sabatier reaction (H2/CO2 = 

4/1, CH4/H2O = 1/2) at 𝑋′𝐶𝑂2
 equal to 0–0.7. Non-stoichiometric H2/CO2 ratios of 1/1, 

2/1 and 5/1 were also considered to estimate reaction orders, followed by addition of 

methane and stream at H2/CO2/CH4/H2O/Ar =1/1/0.4/0.8/0.8 and 1/1/0.4/1.2/0.4. The 

gases were diluted by argon to constrain CO2 conversion and eliminate transport 

phenomena. The conditions for kinetic measurements are shown in Table 6.  
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Table  6. Experimental condition for kinetic study 

ID Flowrate 

(mL/min) 

    Temperature 

(°C) 

Pressure 

(MPa) 

 H2  CO2 CH4 H2O Ar   

 Stoichiometric composition   

01 80 20 0 0 100   

02 112 28 0 0 60   

03 144 36 0 0 20   

04 108 27 19 38 8 300–350 0.1–0.9 

05 80 20 20 40 40   

06 80 20 30 60 10   

07 64 16 37 74 9   

 Non-stoichiometric composition   

08 50 50 0 0 100   

09 75 75 0 0 50   

10 40 20 0 0 140   

11 66.7 33.3 0 0 100 300–350 0.1–0.9 

12 125 25 0 0 50   

13 50 50 20 40 40   

14 50 50 20 60 20   

 

3.2. Reactor operation  

The process flow diagram for CO2 methanation process is shown in Figure 6. 

Firstly, the gases (CO2, H2, CH4, and Ar) and water were fed into the evaporator that 

contained the glass beads, and it was heated at 200 °C to vaporize the water and 

preliminary heat of mixed gas. The gases were controlled by mass flow controllers 

(HM1000B MFCs from HEMMI Slide Rule CO., Ltd) and the liquid water was fed by 

liquid pump (NP-KX-201 series). To prevent the condensing, the stainless-steel line 

was enwrapped by insulation to maintain the temperature at 200 °C from the 

downstream of evaporator to upstream of reactor. The mixed gases and water vapor 

were induced in the tubular quartz tube reactor, which was covered by a stainless-steel 

tube with a gap to allow pressurization. As for the temperature measurement, there are 

11 thermocouples were installed in the apparatus, as shown in Appendix F, including 

thermocouples at evaporator, downstream of evaporator, upstream and downstream of 

the reaction zone, and the others for GC part. However, three temperatures were 

investigated and shown in the monitor in real-time. The first thermocouple located in 

the center of furnace was used to set the furnace temperature. Another thermocouple 

was installed at the bottom of catalyst bed, which was inserted passing through the 

milli-hold at the center of sinter filter to prevent heating loss from thermocouple 

measurement. The temperature from this located thermocouple was called “Tbottom”, 
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and the last thermocouple was installed on the top of catalyst bed (so-called “Ttop”). 

These two were monitored to investigate the characteristic of isothermal reactor. The 

accepted different temperature of the upper part and the bottom part of catalyst bed 

for isothermal reactor is 5°C. Besides the temperature monitoring, the pressure was 

observed upstream of the catalyst bed and shown at the same monitor. The pressure 

was controlled by closing the needle valve and adjusting the back-pressure valve 

downstream of the reaction part. The catalyst was kept at each condition for 40 min to 

ensure a steady state. The product gases were measured by two gas chromatographs 

(GC2014, Shimadzu), one (GC1) for detecting the concentration of Ar, H2, CO, CH4, 

CO2 and the other (GC2) for detecting the H2O vapor. These were installed with 

packed columns from Shinwa Chemical Industries Ltd., Shincarbon-ST and Sunpak-

A for GC1 and GC2, respectively. 
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Figure  6. Schematic diagram of the CO2 methanation reactor 
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3.3. Assessment of diffusional limitations 

The kinetic data must be obtained in the absence of transport limitations to 

ensure an intrinsic kinetic reaction. Internal and external mass transfer limitations can 

be theoretically assessed by the Weisz-Prater criteria. Anderson and Mears proposed 

the criteria for internal and external heat transfer limitations [67], as shown in Table 7. 

The decreasing particle diameter and diluting with an inert γAl2O3 catalyst assist in 

meeting the criteria [95]. The axial and radial dispersion, radial heat transfer 

limitation, volumetric dilution ratio, and pressure drop were also considered, as shown 

in Table 8. The axial dispersion can be simply assessed by  𝐻

𝑅𝑝
> 50 [95], where 𝑅𝑝 and 

H stand for the radius of catalyst particle and catalyst bed height, respectively. The 

transport limitation assessment is not only calculated from the equation but also 

evaluated from the experiment [15, 71, 75].  

Table  7. Criteria equation to assess transport limitation [67]  

 Mass transfer 

limitation 

Heat transfer limitation 

Internal particle 𝑟obs𝑅𝑝
2

𝐷CO2,e𝐶CO2,s
<

1

𝑛
 

|∆𝐻𝑟|𝑟obs 𝑅𝑝
2

𝜆𝑒𝑇
< 0.75

𝑅𝑇

𝐸𝑎
 

External particle 𝑟obs𝑅𝑝

𝑘𝑔𝐶CO2,b
<

0.15

𝑛
 

|∆𝐻𝑟|𝑟obs𝑅𝑝

ℎ𝑇
< 0.15

𝑅𝑇

𝐸𝑎
 

 

Table  8. Criteria equation to assess diffusional limitation [96] 

Relative pressure drop over the 

catalyst bed 
∆𝑃 <

0.2 𝑃

𝑛
 

Axial dispersion 𝐻

𝑑𝑝
>

8

𝐵𝑜
 𝑛 𝑙𝑛 {

1

1 − 𝑋CO2

} 

Radial dispersion 𝑑𝑡

𝑑𝑝
 >  8 

Inert bed dilution 𝑏 <
1

1 +
10𝑋CO2

𝑑𝑝

𝐻

 

Radial heat transfer limitation 
∆𝑇𝑟𝑎𝑑 =  

|∆𝐻𝑟|𝑟𝑜𝑏𝑠 𝑑𝑡
2 (1 − 𝜀𝑏)(1 − 𝑏)

32 𝜆𝑒𝑟
< 0.05

𝑅𝑇2

𝐸𝑎
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3.4. Parameter estimation and kinetic equation 

The power law models for the Sabatier reaction were taken from Koschany et 

al. [64], as shown Eqs. 3.1, 3.3, 3.5, and 3.7, and the power law models for RWGS 

reaction were expressed in Eqs. 3.2, 3.4, 3.6, and 3.8.  

Simple power law rate equation (PL)  

𝑟1 =  𝑘1 ∙ 𝑝𝐻2

𝑛𝐻2,1𝑝𝐶𝑂2

𝑛𝐶𝑂2,1 (1 −
𝑝𝐶𝐻4𝑝𝐻2𝑂

2

𝑝𝐻2
4 𝑝𝐶𝑂2𝐾𝑒𝑞,1

)          Eq.3.1 

𝑟2 =  𝑘2 ∙ 𝑝𝐻2

𝑛𝐻2,2𝑝𝐶𝑂2

𝑛𝐶𝑂2,2 (1 −
𝑝𝐶𝑂𝑝𝐻2𝑂

𝑝𝐻2𝑝𝐶𝑂2𝐾𝑒𝑞,2
)        Eq.3.2 

The following parameters should be estimated :  

k1,0,ref, Ea,1, k2,0,ref, Ea,2, 𝑛𝐻2,1, 𝑛𝐶𝑂2,1,  𝑛𝐻2,2, 𝑛𝐶𝑂2,2 

Power law rate equation with inhibiting influence of water (PL-H2O) 

𝑟1 = 𝑘1

𝑝𝐻2

𝑛𝐻2,1
𝑝𝐶𝑂2

𝑛𝐶𝑂2,1

𝑝𝐻2𝑂

𝑛𝐻2𝑂,1
(1 −

𝑝𝐶𝐻4𝑝𝐻2𝑂
2

𝑝𝐻2
4 𝑝𝐶𝑂2𝐾𝑒𝑞,1

)        Eq.3.3 

𝑟2 =  𝑘2

𝑝𝐻2

𝑛𝐻2,2𝑝𝐶𝑂2

𝑛𝐶𝑂2,2

𝑝𝐻2𝑂

𝑛𝐻2𝑂,2
(1 −

𝑝𝐶𝑂𝑝𝐻2𝑂

𝑝𝐻2𝑝𝐶𝑂2𝐾𝑒𝑞,2
)      Eq.3.4 

The following parameters should be estimated :  

k1,0,ref, Ea,1, k2,0,ref, Ea,2, 𝑛𝐻2,1, 𝑛𝐶𝑂2,1, 𝑛𝐻2𝑂,1, 𝑛𝐻2,2, 𝑛𝐶𝑂2,2, 𝑛𝐻2𝑂,2 

Power law rate equation with inhibition by adsorbed water (PL-WI)  

𝑟1 = 𝑘1

𝑝𝐻2

𝑛𝐻2,1
𝑝𝐶𝑂2

𝑛𝐶𝑂2,1

1+𝐾𝐻2𝑂𝑝𝐻2𝑂
(1 −

𝑝𝐶𝐻4𝑝𝐻2𝑂
2

𝑝𝐻2
4 𝑝𝐶𝑂2𝐾𝑒𝑞,1

)      Eq.3.5 

𝑟2 =  𝑘2

𝑝𝐻2

𝑛𝐻2,2𝑝𝐶𝑂2

𝑛𝐶𝑂2,2

1+𝐾𝐻2𝑂𝑝𝐻2𝑂
(1 −

𝑝𝐶𝑂𝑝𝐻2𝑂

𝑝𝐻2𝑝𝐶𝑂2𝐾𝑒𝑞,2
)        Eq.3.6 

The following parameters should be estimated :  

k1,0,ref, Ea,1, k2,0,ref, Ea,2, 𝑛𝐻2,1, 𝑛𝐶𝑂2,1,  𝑛𝐻2,2, 𝑛𝐶𝑂2,2, 𝐾𝐻2𝑂,0,𝑟𝑒𝑓, ∆𝐻𝐻2𝑂 
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Power law rate equation with inhibition adsorbed hydroxyl (PL-HI) 

𝑟1 = 𝑘1

𝑝𝐻2

𝑛𝐻2,1
𝑝𝐶𝑂2

𝑛𝐶𝑂2,1

1+𝐾𝑂𝐻

𝑝𝐻2𝑂

𝑝𝐻2
0.5

(1 −
𝑝𝐶𝐻4𝑝𝐻2𝑂

2

𝑝𝐻2
4 𝑝𝐶𝑂2𝐾𝑒𝑞,1

)       Eq.3.7 

𝑟2 =  𝑘2

𝑝𝐻2

𝑛𝐻2,2𝑝𝐶𝑂2

𝑛𝐶𝑂2,2

1+𝐾𝑂𝐻

𝑝𝐻2𝑂

𝑝𝐻2
0.5

(1 −
𝑝𝐶𝑂𝑝𝐻2𝑂

𝑝𝐻2𝑝𝐶𝑂2𝐾𝑒𝑞,2
)     Eq.3.8 

The following parameters should be estimated :  

k1,0,ref, Ea,1, k2,0,ref, Ea,2, 𝑛𝐻2,1, 𝑛𝐶𝑂2,1,  𝑛𝐻2,2, 𝑛𝐶𝑂2,2, 𝐾𝑂𝐻,0,𝑟𝑒𝑓, ∆𝐻𝑂𝐻 

 

The equation derived from Hernandez Lalinde et al. [65] was taken into 

account to describe the mechanism. The CO* intermediated [21, 59, 61-63] and 

HCOO* intermediated mechanisms [53, 55-58, 60] was assumed for deriving the LH 

models because it popularly reported in CO2 methanation over a Ni-based catalyst. 

The assumption mechanisms proposed by Lalind and group [65] were demonstrated 

in Tables 9, 10, and 11 for mechanism A (the CO* intermediated) , mechanism A (the 

HCOO* intermediated) and hybrid mechanism between mechanism A and B, 

respectively. 

 

Table  9. CO2 methanation via CO intermediated formation-Mechanism A [65]  

Reaction Description Step Reaction 

H2 + 2* ↔ 2H*   A1 

CO2 + * ↔ CO2* RDS Adsorption of CO2 A2 

CO2* + * ↔ CO* + O* RDS Dissociation of CO2 A3 

CO* +* ↔ C* + O* RDS Dissociation of CO to surface C A4 

C* + H* ↔ CH* + * RDS Hydrogenation of C A5 

CH*+ H*↔ CH2* + * RDS Hydrogenation of CH A6 

CH2* + H* ↔ CH3* + * RDS Hydrogenation of CH2 A7 

CH3* + H* ↔ CH4* + *  Hydrogenation of CH3 A8 

CH4* ↔ CH4(g) + *  Desorption of CH4 A9 

O* + H* ↔ OH* + *  OH formation A10 

OH* + H* ↔ H2O* + *  H2O formation A11 

CO* ↔ CO(g) + *  Desorption of CO A12 

H2O* ↔ H2O(g) + *  H2O desorption A13 
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Table  10. CO2 methanation via HCOO intermediated formation-Mechanism B [65] 

Reaction Description Step Reaction 

H2 + 2* ↔ 2H*   B1 

CO2 + * ↔ CO2* RDS Adsorption of CO2 B2 

CO2* + H* ↔ HCOO* + * RDS Formation of formates B3 

HCOO* + * ↔ CO* + OH* RDS Dissociation of formates to CO B4 

HCOO* + H* ↔ COH*  

+ OH* 

RDS Dissociation of formats to 

COH 

B5 

COH* + H* ↔ CH* + OH* RDS Dissociation of formyl B6 

COH* + * ↔ C*+ OH* RDS Dissociation of formyl B7 

CH* + H* ↔ CH2* + * RDS Hydrogenation of CH B8 

CH2* + H* ↔ CH3* + * RDS Hydrogenation of CH2 B9 

CH3* + H* ↔ CH4* + *  Hydrogenation of CH3 B10 

CH4* ↔ CH4(g) + *  Desorption of CH4 B11 

O* + H* ↔ OH* + *  OH formation B12 

OH* + H* ↔ H2O* + *  H2O formation B13 

H2O* ↔ H2O(g) + *  H2O desorption B14 

CO* ↔ CO(g) + *  Desorption of CO B15 

 

 

Table  11. CO2 methanation via hybrid mechanism-Mechanism AB [65] 

Reaction Description Step Reaction 

H2 + 2* ↔ 2H*   AB1 

CO2 + * ↔ CO2*  Adsorption of CO2 AB2 

CO2* + * ↔ CO* + O*  Dissociation of CO2 AB3 

CO* + H* ↔ COH* + * RDS Formation of formyl AB4 

CO* + 2H* ↔ COH2* + 

2* 

RDS Formation of di-hydrogenated CO AB5 

COH* + * ↔ CH* + O* RDS Dissociation of formyl AB6 

COH* + H* ↔ CH* + 

OH* 

RDS Dissociation of formyl AB7 

COH2* + * ↔ CH* + OH* RDS Formation of CH species AB8 

CH*+ H* ↔ CH2* + * RDS Hydrogenation of CH AB9 

CH2* + H* ↔ CH3* + * RDS Hydrogenation of CH2 AB10 

CH3* + H* ↔ CH4* + *  Hydrogenation of CH3 AB11 

CH4* ↔ CH4(g) + *  Desorption of CH4 AB12 

O* + H* ↔ OH* + *  OH formation AB13 

OH* + H* ↔ H2O* + *  H2O formation AB14 

H2O* ↔ H2O(g) + *  H2O desorption AB15 

CO*↔ CO(g) + *  Desorption of CO AB16 

 

The models were derived based on LH adsorption type and all models can be 

summarized in one generalized form, see in Eq.3.9, which the 20 different sets of 

exponents are shown in Table 12. The mechanism assumptions were described later. 
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𝑟1 =  
𝑘1∙𝐾𝐴𝑒𝑝𝐶𝑂2

𝑎 𝐾𝐻2
𝑏 𝑝𝐻2

𝑐 𝑝𝐻2𝑂
𝑑 (1−

𝑝𝐶𝐻4
𝑝𝐻2𝑂

2

𝑝𝐶𝑂2
𝑝𝐻2

4 𝐾𝑒𝑞,1
)

(1+𝐾𝐴𝑒𝑝𝐶𝑂2
𝑒 𝐾𝐻2

𝑓
𝑝𝐻2

𝑔
𝑝𝐻2𝑂

ℎ +𝐾𝐻2
0.5𝑝𝐻2

0.5+𝐾𝑂𝐻

𝑝𝐻2𝑂

𝑝𝐻2
0.5 )

𝑖            Eq.3.9 

The following parameters should be estimated :  

k1,0,ref, Ea,1, 𝐾𝐴𝑒,0,𝑟𝑒𝑓, ∆𝐻𝐴𝑒, 𝐾𝐻2,0,𝑟𝑒𝑓, ∆𝐻𝐻2
, 𝐾𝑂𝐻,0,𝑟𝑒𝑓, ∆𝐻𝑂𝐻  

 

Table  12. Exponents of Eq.3.9. 

NO. Mech 𝑲𝑨𝒆 a b c d e f g h i 

1 A, AB, B – 1.0 – – – – – – – 1.0 

2 A, AB, B – 1.0 – – – – – – – 2.0 

3 A3, AB3 KCO2 1.0 – – – 1.0 – – – 2.0 

4 A4 KCO 0.5 – – – 0.5 – – – 2.0 

5 A5 KC 0.33 0.5 0.5 – 0.33 – – – 2.0 

6 A6 KCH 0.33 1.0 1.0 – 0.33 0.5 0.5 – 2.0 

7 A7 KCH2 0.33 1.5 1.5 – 0.33 1.0 1.0 – 2.0 

8 AB4 KCO 0.5 0.5 0.5 – 0.5 – – – 2.0 

9 AB5 KCO 0.5 1.0 1.0 – 0.5 – – – 3.0 

10 AB6 KCOH 0.5 0.5 0.5 – 0.5 0.5 0.5 – 2.0 

11 AB7 KCOH 0.5 1.0 1.0 – 0.5 0.5 0.5 – 2.0 

12 AB8 KCOH2 0.5 1.0 1.0 – 0.5 1.0 1.0 – 2.0 

13 AB9 KCH 0.25 1.0 1.0 – 0.25 0.5 0.5 – 2.0 

14 AB10 KCH2 0.25 1.5 1.5 – 0.25 1.0 1.0 – 2.0 

15 B4 KHCOO 1.0 0.5 0.5 – 1.0 0.5 0.5 – 2.0 

16 B5 KHCOO 1.0 1.0 1.0 – 1.0 0.5 0.5 – 2.0 

17 B6 KCOH 1.0 1.5 2.0 –1.0 1.0 1.0 1.5 –1.0 2.0 

18 B7 KCOH 1.0 1.0 1.5 –1.0 1.0 1.0 1.5 –1.0 2.0 

19 B8 KCH 1.0 2.0 3.0 –2.0 1.0 1.5 2.5 –2.0 2.0 

20 B9 KCH2 1.0 2.5 3.5 –2.0 1.0 2.0 3.0 –2.0 2.0 

 

The subscript “1“ and “2“ in Eqs. 3.1 to 3.9 stand for Sabatier and RWGS 

reactions, respectively. The reaction rate constants of reaction i (𝑘1 and 𝑘2) were 

replaced by the Arrhenius equation, as shown in Eq.3.10. The Adsorption equilibrium 

constants of component j (𝐾𝐻2𝑂 , 𝐾𝑂𝐻, 𝐾𝐴𝑒, 𝐾𝐻2
) expressed in the Vant’t Hoff 

equation ( Eq.3.11). 𝑝𝑗 and 𝑛𝑗,𝑖 stand for partial pressure and reaction order. 

 

𝑘𝑖  =  𝑘𝑖,0,𝑟𝑒𝑓 𝑒
(

𝐸𝑎,𝑖

𝑅
(

1

𝑇𝑟𝑒𝑓
 − 

1

𝑇
))

           Eq.3.10 

𝐾𝑗  =  𝐾𝑗,0,𝑟𝑒𝑓 𝑒
(

∆𝐻𝑗

𝑅
(

1

𝑇𝑟𝑒𝑓
 − 

1

𝑇
))

        Eq.3.11 
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 𝑘𝑖,0,𝑟𝑒𝑓 and 𝐾𝑗,0,𝑟𝑒𝑓 represent pre-exponential factors or frequency factors at 

refferent temperature. 𝐸𝑎,𝑖 and ∆𝐻𝑗 are the activation energy of reaction i  and 

enthalpy change of adsorption of component j, respectively. The equilibrium constant 

of Sabatier reaction (𝐾𝑒𝑞,1) followed Koschany et al. [64], as given in Eq.3.12. As for 

the equilibrium constant of RWGS (𝐾𝑒𝑞,2), it is possible calculated from revest of the 

equilibrium constant of WGS reaction reported by Aparicio [97] and Smith et al. [98], 

as demonstrated in Eq.3.13 and 3.14. 

𝐾𝑒𝑞,1  =  137𝑇−3.998𝑒
158.7𝑘𝐽/𝑚𝑜𝑙

𝑅𝑇        Eq.3.12 

𝐾𝑒𝑞,𝑊𝐺𝑆  =  9.01 ×  10−6 𝑇0.968𝑒
43.6 𝑘𝐽/𝑚𝑜𝑙

𝑅𝑇       Eq.3.13 

𝐾𝑒𝑞,2 =  1/𝐾𝑒𝑞,𝑊𝐺𝑆         Eq.3.14 

Parameters were estimated using the lmfit package from Python software, and the 

least-square method was applied to minimize the residual value.The lmfit package is 

applicable for complex models. Code for parameter estimation was expressed in 

Apendix E. 

 

3.5. Model discrimination and thermodynamic consistency 

Model discrimination was assessed by thermodynamic consistency of estimated 

kinetic parameter, statistically significant and adequacy fitting of kinetic model. The 

satisfaction of overall rate equation was test by the AIC and BIC with 95% confidence 

interval. AIC and BIC stand for Akaike information criterion and Bayesian 

information criterion, respectively. The AIC can be directly calculated from Eq.3.15 

[99].  

 

𝐴𝐼𝐶 = 2𝑘 +  𝑛𝑙𝑛(
∑ [𝑟𝑖,𝑒𝑥𝑝−𝑟𝑖,𝑝𝑟𝑒𝑑]2𝑛

𝑖=1

𝑛
)         Eq.3.15 

 
In case n/k<40, the correction term must be complied, as shown in Eq.3.16, where n 

and k stand for number of sample and number of parameters, respectively. 

 

𝐴𝐼𝐶 = 2𝑘 +  𝑛𝑙𝑛(
∑ [𝑟𝑖,𝑒𝑥𝑝−𝑟𝑖,𝑝𝑟𝑒𝑑]2𝑛

𝑖=1

𝑛
) + 

2𝑘(𝑘+1)

𝑛−𝑘−1
             Eq.3.16 

 
BIC is similar to AIC derived from the same assumption, which depends on n and k.  
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𝐵𝐼𝐶 = 𝑘𝑙𝑛𝑛 +  𝑛𝑙𝑛(
∑ [𝑟𝑖,𝑒𝑥𝑝−𝑟𝑖,𝑝𝑟𝑒𝑑]2𝑛

𝑖=1

𝑛
)             Eq.3.17 

 

Where 𝑟𝑖,𝑒𝑥𝑝 is reaction rate values obtained from the experiment and 𝑟𝑖,𝑝𝑟𝑒𝑑 

represents reaction rate values from prediction. Although AIC and BIC are applicable 

criteria, these are difficult to judge which criteria are better. It depends on the type of 

problem. Then, AIC and BIC were focused on this work. Furthermore, the estimated 

parameters were checked the thermodynamic consistency from these two criteria 

[100]. 

Criteria 1: The adsorption entropy (𝛥𝑆𝑗
0) must be negative, or the (𝐴(𝐾𝑗)) values 

should be lower than 1. 

𝛥𝑆𝑗
0 < 0 

𝑒𝑥𝑝(
𝛥𝑆𝑗

0

𝑅
)  =  𝐴(𝐾𝑗) < 1 𝑎𝑛𝑑 > 0 

𝐴(𝐾𝑗)  =  𝐾𝑗,0 𝑒(
∆𝐻𝑗

𝑅𝑇
)
 

 

Criterion 2: The adsorption entropy of each component shall satisfy the following 

rule. 

𝛥𝑆𝑗
0  ≥  0.0014 ∆𝐻𝑗 − 12.2       or 

𝑙𝑛𝐴(𝐾𝑗)  = −
𝛥𝑆𝑗

0

𝑅
 ≤  

12.2 − 0.0014 ∆𝐻𝑗

𝑅
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CHAPTER IV 
 

RESULTS AND DISCUSSION 
 

4.1. Catalyst deactivation 

The kinetic characterization should be studied at the stable catalyst activity in 

order to compare the realistic kinetics of the reaction and eliminate the influence of 

catalyst deactivation. Herein, the feed gas composition for ageing was determined 

from the equilibrium at 500 ℃, considering four species, i.e., H2, H2O, CO2, and CH4 

at atmospheric pressure. In some literature, the catalyst was aged by feeding only H2 

and CO2 [101]. It is possible, though it takes much time to stabilize catalyst activity. 

Besides reducing the time consumption, product gases feeding did not cause catalyst 

deactivation during the kinetic measurements. During catalyst ageing, the catalyst 

activity was periodically analyzed at the referent temperatures (300, 325, and 350 °C) 

with feeding ratio of H2/CO2/Ar at 4/1/5 and atmospheric pressure. Therefore, at the 

350 °C provided the highest CO2 conversion, the stability was more emphasized. 

According to Figure 7 at 350 °C, the first point was analyzed with non-ageing catalyst 

and received 10.7% of 𝑋𝐶𝑂2
. After feeding ageing gas composition, the 𝑋𝐶𝑂2

 showed 

expeditiously decreased from 10.7% to 8.5% at 5 h. In other words, catalyst activation 

was reduced by 20%. Further, it slightly decreased until 25 h, and it seemed pretty 

stable from 25 to 35 h. Numerically assessed, the reducing of activity at 25 h, 30 h 

and 35 h showed lower than 0.05%. Even though the total reaction from the aging 

process is an exothermic reaction, the CO2 conversions still increase with the 

temperature because the reaction did not reach equilibrium conversion. 

 
Figure  7.  Deactivation of the catalyst during ageing 
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4.2. Isothermal operation 

Designing an isothermal reactor in a strongly exothermic reaction is 

challenging, especially at a high catalyst bed. However, it was successfully operated 

in this work, as proved by Figure 8. The temperature data were observed and 

automatically recorded every 10 seconds in an excel file for 40 min. Then, the stable 

temperature data were averaged and plotted in Figure 8. The temperature furnace at 

300 °C showed nearly identical isothermal reactor. For 325 and 350 °C, these 

presented higher temperature differences between Ttop and Tbottom because of higher 

temperature furnace settings. At 350 °C, the different temperatures higher than 5 °C 

were observed at 0.9 MPa and gas composition H2/CO2/Ar = 1/4/2.14, 1/4/0.55 and 

1/1/0.66 because of low concentration of Ar. 

 

Figure  8. Temperature difference under furnace temperature 300–350 °C 

 

4.3. Diffusional limitation 

The internal (intra-particle) and external (extra-particle) mass and heat transfer 

limitations were assessed based on the criterion in Table 7, and the dispersion 

limitations were evaluated using the equations containing in Table 8. The property of 

particles, experimental observations and assumption values were expressed in Table 

13. 
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Table  13. Parameters used in the assessment of diffusional limitation 

Parameters Symbols Values Units 

𝑟𝐶𝑂2
 from experiment 𝑟𝑜𝑏𝑠 8.84E-01 mol m-3 s-1 

Particle radius 𝑅𝑝 1.28E-04 m 

Particle diameter 𝑑𝑝 2.56 E-04 m 

Reaction order (Assumption values) 𝑛 1 - 

Bed tortuosity (Assumption values) 𝜏𝑔 4 - 

Bed porosity (Assumption values) 𝜀𝑝 0.4 - 

Activation energy (Assumption values) 𝐸𝑎 100 kJ mol-1 

Thermal conductivity of catalyst (Ni/SiO2) 𝜆𝑠 0.14 W m-1 K-1 

Thermal conductivity of inert (γAl2O3) 𝜆𝑖𝑛𝑒𝑟𝑡 35 W m-1 K-1 

Bulk density of catalyst bed 𝜌𝑏  61.99 kg m-3 

Bulk density of inert material 𝜌𝑖𝑛𝑒𝑟𝑡  562.13 kg m-3 

Catalyst bed heigh H 0.0163 m 

Catalyst bed diameter 𝑑𝑡 0.005 m 

Total pressure 𝑃 1.14 atm 

CO2 conversion 𝑋𝐶𝑂2
 0.015 - 

Amount of catalyst (Ni/SiO2) material 𝑊𝑐𝑎𝑡  19.84 mg 

Amount of Inert (γAl2O3) material 𝑊𝑖𝑛𝑒𝑟𝑡 179.91 mg 

 

Table 14. represents a value from the calculation for feeding gas composition of 

CO2/H2 = 1/4 and 30 mol% of Ar at temperature 300 ℃ and atmospheric pressure, as 

an example. The detail for calculations and equations were given in the Appendix A. 

 

Table  14. Calculated values for diffusional limitation 

Parameter Symbol 
Value  

Units 
Input Output 

The density of gas mixture ρ𝑔 0.46 0.46 kg m-3 

Fluid superficial velocity 𝑢𝑜 0.289 0.289 𝑚𝑠−1 

the viscosity of the gas mixture  𝜇𝑔 3.17E-05 3.17E-05 𝑃𝑎 ∙ 𝑠 

Diffusivity of CO2 in gas mixture 𝐷CO2,mix 8.63E-05 8.63E-06 m2 s-1 

Effective diffusivity 𝐷CO2,e 8.63E-06 8.59E-05 m2 s-1 

The concentration of CO2 at the solid surface 𝐶CO2,𝑠 3.30 3.26 mol m-3 

The concentration of CO2 at the bulk phase 𝐶𝐶𝑂2,𝑏 3.30 3.26 mol m-3 

Mass transfer coefficient 𝑘𝑔 1.03 1.03 m s-1 

Heat of reaction ∆𝐻𝑟 -178.3 -178.3 kJ mol-1 

Effective thermal conductivity of particle 𝜆𝑒 0.12 0.12 W m-1 K-1 

Effective radial thermal conductivity in the bed catalyst  𝜆𝑒𝑟   2.87E-01 2.87E-01 W m-1 K-1 

Thermal conductivity of gas mixture 𝜆𝑔 9.46E-02 9.41E-02 W m-1 K-1 

Heat transfer coefficient ℎ 1340 1333 W m-2 K-1 

 

The mass and heat transfer limitation assessment with input and output gases 

properties from the example case were listed in Table 15, and other diffusional 
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limitations were announced in Table 16. Input and output values were calculated from 

the left of each formula by taking input and output component properties for 

calculation. The criterion values were determined from the right of equation contained 

in Tables 15 and 16.  

 

Table  15. Criteria for mass and heat transfer limitations  

Transport process Formula 
Calculated value 

Input Output Criterion 

Internal mass transfer limitation 
2 2

2

, ,

1obs p

CO e CO s

r R

D C n
  5.08E-04 5.18E-04 1 

External mass transfer limitation 
2 ,

0.15obs p

g CO b

r R

k C n
  3.31E-05 3.38E-05 0.15 

Internal heat transfer limitation 

2

0.75
r obs p

e a

H r R RT

T E


  3.70E-05 3.70E-05 0.036 

External heat transfer limitation 0.15
r obs p

a

H r R RT

hT E


  2.59E-05 2.60E-05 7.25E-03 

 

Table  16. Criteria for diffusional limitations 

Diffusional limitation Formular 
Calculated value 

Input/output Criterion 

Relative pressure drop  

over the catalyst bed 

0.2P
P

n
   1965.33 2878.33 

Axial dispersion 

2

8 1
ln

1p CO

H
n

d Bo X

  
  

−  

 
63.67 0.10 

Radial dispersion 
8t

p

d

d
  19.53 8 

Inert bed dilution 

2

1

1 10 /CO p

b
X d H


+

 
0.50 0.998 

Radial heat transfer limitation 2 2(1 )(1 )
0.05

32

r obs t p

rad

er a

H r d b RT
T

E





 − −
 = 

 
1.29E-04 3.95E-01 

 

The results from assessment of all conditions were displayed in Figure 9. 

These are far from the criteria in exponent 104. The results from the assessment of the 

pressure drop, axial dispersion, volumetric dilution ratio, and radial heat transfer 

limitation were shown in Figure 10, which can be eliminated redial dispersion with 

dt/dp equal to 19.5. All experimental observations passed the diffusional limitations, 

and thus all effects mentioned in Tables 7 and 8 can be neglected.  
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Figure  9. Diffusional limitation results from calculation Table 7: (a) external mass; 

(b) internal mass; (c) internal heat; (d) internal mass transfer limitations. 

 

  

     

Figure  10. Diffusional limitation results from calculation Table 8: (a) Pressure drop; 

(b) Axial dispersion; (c) inert bed dilution; (d) Radial heat transfer limitation 
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4.4. Apparent activation energy and reaction order 

The apparent activation energy (𝐸a,app) is possible determined using 

Arrhenius equation by applying reaction rate instead of chemical rate constant (𝑘𝑖). 

The slope from this graph is 𝐸a,app/𝑅. Herein, the 𝐸a,app for feeding H2/CO2 equal to 

4/1 with 30% of Ar was reported, as an example. The average temperature between 

Ttop and Tbottom was used for the Arrhenius plot. Figure 11(a) shows the 𝐸a,app of 

Sabatier reaction at varying total pressure from 0.1 MPa to 0.9 MPa by plotting the 

natural log of methane reaction rate (𝑟𝐶𝐻4
) and 1/T in Kevin. The averaged 𝐸a,app for 

all pressures is estimated to be 87 kJ/mol. This value agrees with the literatures, for 

example, values of 89 kJ/mol are reported for Ni/SiO2 [70], 70–100 kJ/mol for Ni-

based catalyst in CO2 methanation [102-104]. It was verified of an actual kinetic 

regime with negligible influence of diffusional limitations [102]. Experimental 

observations demonstrated a large CO selectivity, then the CO formation cannot be 

eliminated in this case. The average 𝐸a,appof RWGS reaction at the total pressure 0.1 

to 0.9 MPa was 90 kJ/mol, as shown in Figure 11(b), nearly to 𝐸a,app obtained from 

the Sabatier reaction. This is evidence that the CO formation in CO2 methanation 

should be considered to describe the kinetics. 

       

Figure  11. Apparent activation energy with Arrhenius plot (H2/CO2/Ar = 4/1/2.14): 

(a) Sabatier reaction; (b) RWGS reaction 

 
The apparent reaction orders were estimated from a simple form of reaction 

rate, 

 𝑟1 𝑜𝑟 2  = 𝑘𝐶𝐶𝑂2

𝑛     The slope of log-log plot between reaction rate and CO2 

concentration gave the apparent reaction order with respect to CO2. However, it 

should be noted that the reaction rate obtained from differential mode and absence of 

transport limitations [105]. In this manuscript, the apparent reaction orders were 

determined using the experimental observations from non-stoichiometric gas 

composition feeding (H2/CO2/Ar = 1/1/2, 1/1/0.67, 2/1/3 and 2/1/7) at temperature 

300–350 °C and total pressure 0.1–0.9 MPa. Furthermore, these data were unaffected 
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by the external mass transfer limitation leading to the concentration of CO2 at solid 

phase equal to the concentration of CO2 at bulk phase (𝐶𝐶𝑂2,𝑠 = 𝐶𝐶𝑂2,𝑏). As for 

Figures 12 and 13, it demonstrated reaction orders at different temperatures and 

pressures for Sabatier and RWGS reactions, respectively. The average apparent 

reaction orders with respect to CO2 of Sabatier and RWGS reactions are 0.46 and 

0.53.       

        

 

 

 

 

       

Figure  12. Determining apparent reaction order for Sabatier reaction at different 
temperatures and total pressures: (a) 0.1MPa; (b) 0.5MPa; and (c) 0.9MPa 

 

   

 

 

 

 

 

Figure  13. Determining apparent reaction order for RWGS reaction at different 

temperatures and total pressures: (a) 0.1MPa; (b) 0.5MPa; and (c) 0.9MPa 
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from fitting is represented in Figure 14, which the reaction order of H2 is 0.26. The 

𝑟𝐶𝐻4,pred and 𝑟𝐶𝐻4,exp represent methane reaction rate from predictions and 

experimental observations, respectively. 
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Figure  14. Reaction order of H2 from estimation: (H2/CO2/Ar = 1/1/2, 1/1/0.67, 

2/1/3, 2/1/7 5/1/2, T=300–350 °C, 0.1–0.9 MPa.) 

 
Moreover, the estimated parameters can provide a similar reaction rate for the 

data acquired at the stoichiometric conditions (H2/CO2/Ar = 4/1/5, 4/1/2.1, 4/1/0.5, 

T=300–350 °C,0.1–0.9 MPa.), as shown in Figure 15, where 𝑟𝐶𝐻4,cal stands for the 

reaction rate of methane from the calculation. 

 

Figure  15. Calculated rCH4 using estimated parameters from Figure 14. 
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Table  17. The values for model discrimination 

 PL PL-H2O PL-WI PL-HI 

chi-square         3.84x 10-9 3.31 x 10-9 3.84 x 10-9 3.84 x 10-9 

AIC -2745 -2760 -2741 -2741 

BIC -2739 -2751 -2730 -2730 

 

Later, the RWGS reaction was considered using Eq.3.2, 3.4, 3.6, and 3.8. 

Eq.3.4 (power law without the influence of water) gave the lowest values of AIC and 

BIC. The parity plots of  𝑟𝐶𝐻4
 , 𝑟𝐶𝑂 and 𝑟𝐶𝑂2

 (𝑟𝐶𝑂2
= 𝑟𝐶𝐻4

+ 𝑟𝐶𝑂) from prediction and 

experiment were shown in Figure 16, and the estimated parameters were listed in 

Table 18. Note that the CO methanation reaction was later added to improve the 

parity plot, however the negative activation energy was observed. Then the CO 

methanation was not considered in this work. 

 

 

Figure  16. Results from fitting PL-H2O model: (a) 𝑟𝐶𝐻4
; (b) 𝑟𝐶𝑂; (c)  𝑟𝐶𝑂2

 

 
Based on Figure 16(c), Almost all data points were located within an error equal to 

20% region, however all data points are within an error of 35% region. 
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Table  18.  Estimated parameter from PL-H2O (PL-H2OSabatier and PL-H2ORWGS) 

Parameter Value Unit 

Sabatier reaction 

𝑘1,0,𝑟𝑒𝑓 5.29 × 10-6 +/- 5.8 × 10-7  mol g-1 s-1 bar-0.86                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

𝐸𝑎,1 67.14 ± 4.36  kJ mol-1 

𝑛𝐻2,1 0.26 +/- 0.02 - 

𝑛𝐶𝑂2,1 0.46 - 

𝑛𝐻2𝑂,1 -0.06+/- 0.014 - 

RWGS reaction 

𝑘2,0,𝑟𝑒𝑓 7.52 × 10-6 +/- 7.02 × 10-7  mol g-1 s-1 bar0.49                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

𝐸𝑎,2 89.47 +/- 3.57  kJ mol-1 

𝑛𝐻2,2 -0.55 +/- 0.026 - 

𝑛𝐶𝑂2,2 0.18+/- 0.054 - 

𝑛𝐻2𝑂,2 -0.12+/- 0.010 - 

 

According to Table 18, the apparent reaction orders with respect to CO2 and 

H2 for the Sabatier reaction were 0.46 and 0.26 +/- 0.02, respectively, which indicated 

that the CO2 concentration had more significant effects on the 𝑟𝐶𝐻4
 than H2 

concentration. Furthermore, it can be described by competitive adsorption between H2 

and CO2. CO2 dissociation species adsorb and cover the active surface area more 

affluent than H atoms [106]. This work observed a reaction order of CO2 higher than 

H2. Consistent with Chiang and Hopper [69], who reported the reaction orders with 

respect to CO2 and H2 were 0.66 and 0.21, respectively. Similarly, Vidal et al. [107] 

studied kinetic models of CO2 methanation over 15 wt%Ni/Mg/Al hydrotalcite coated 

catalyst. The reaction orders of CO2 and H2 of 0.31 and 0.129 were found, 

respectively. In contrate with other literatures, Garbarino et al. [108] realized that the 

reaction orders with respect to H2 and CO2 over Ni/Al2O3 catalyst were 0.32 and 0.17, 

respectively. The low reaction orders were observed because of the strong adsorption 

of CO2 and hydrogen on the surface of the catalyst. Another work from Garbarino et 

al. [49] found that the H2 concentration was more affected than CO2 concentration in 

CO2 methanation using Ni/La-Al2O3.  

As for the observation of negative orders, a negative order indicates that the 

concentration of that species inversely affects the reaction rate. For negative order of 

H2O, adding steam in CO2 methanation reaction is normally inhibiting the forward of 

reaction because atomic water will be mainly adsorbed on active site resulting in 

lower vacancy site free for CO2 and H2 [109]. However, the result from this work 

observed negative orders of H2O because H2O did not affect inhibiting the forward of 

reaction. As for the negative reaction order of H2 in RWGS reaction, it was suggested 

that the CH4 formation competitively inhibited the CO formation. Also, Kikkawa 

[110] found the same result for achieving the negative reaction order of H2 in CO2 
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methanation over Ni catalyst with consideration of RWGS reaction. The negative 

reaction order is also observed in other reactions. For instance, Richardson et al. [111] 

acknowledged the negative order with respect to CO2 in CO2 reforming of methane 

reaction using Pt–Re catalysts supported on ceramic foam. They suggested that CO2 

strongly adsorbed on the Pt–Re sites. Paksoy et al. [112] studied CO2 reforming of 

methane over Co–Ce/ZrO2 catalysts and observed the small negative order for CO2. It 

can be explained that the CO2 inhibited the H2 (and/or CO) production. In this work, 

the power law rate models of CO2 methanation considering Sabatier and RWGS 

reactions can be represented as Eqs.4.1 and 4.2, respectively. 

 

𝑟1 = 𝑘1𝑝𝐻2

0.27𝑝𝐶𝑂2

0.44𝑝𝐻2𝑂
0.06 (1 −

𝑝𝐶𝐻4𝑝𝐻2𝑂
2

𝑝𝐻2
4 𝑝𝐶𝑂2𝐾𝑒𝑞,1

)        Eq 4.1 

   

𝑟2 =  𝑘2

𝑝𝐻2𝑂
0.13 𝑝𝐶𝑂2

0.18

𝑝𝐻2
0.56 (1 −

𝑝𝐶𝑂𝑝𝐻2𝑂

𝑝𝐻2𝑝𝐶𝑂2𝐾𝑒𝑞,2
)       Eq 4.2 

 

Since a power rate law is inadequate to describe the kinetics of the reaction, 

the Langmuir-Hinshelwood equations derived from Lalinde and group [65] were also 

emphasized to predict the mechanism of CO2 methanation over Ni/SiO2 catalyst. 

Three mechanism assumptions were investigated in this work. First, mechanism A 

(Table 9) represented the assumption mechanism of dissociation of CO2 to CO* and 

subsequence dissociated to C*. Further, the C* was hydrogenated to produce CH4. 

This mechanism can be called CO2 methanation via CO or C intermediate formation. 

Table 10 showed CO2 methanation though formate species (HCOO*) formation. The 

CO2 adsorbs on the support surface and reacts with adsorbed hydrogen atoms, 

forming formate species at the metal-support interface. Subsequentially, 

hydrogenation of HCOO* to COH* (formyl species) and CH4. The hybrid mechanism 

between A and B was considered, as shown in Table 11.  

According to the fitting of power law models, the inhibiting influence of water 

assumption showed the best result, then the general form of LH approach (Eq.3.9) 

was developed and expressed in Eq. 4.3 by eliminating  𝐾𝑂𝐻 ∙ 𝑝𝐻2𝑂 ∙  𝑝𝐻2

−0.5 term. The 

estimations with and without 𝐾𝑂𝐻 ∙ 𝑝𝐻2𝑂 ∙  𝑝𝐻2

−0.5 term showed similar parameter 

values with a similar chi-squared (not shown here), then it is insignificance to add 

𝐾𝑂𝐻 ∙ 𝑝𝐻2𝑂 ∙  𝑝𝐻2

−0.5 term. 
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𝑟1 =  
𝑘1∙𝐾𝐴𝑒𝑝𝐶𝑂2

𝑎 𝐾𝐻2
𝑏 𝑝𝐻2

𝑐 𝑝𝐻2𝑂
𝑑 (1−

𝑝𝐶𝐻4
𝑝𝐻2𝑂

2

𝑝𝐶𝑂2
𝑝𝐻2

4 𝐾𝑒𝑞,1
)

(1+𝐾𝐴𝑒𝑝𝐶𝑂2
𝑒 𝐾𝐻2

𝑓
𝑝𝐻2

𝑔
𝑝𝐻2𝑂

ℎ +𝐾𝐻2
0.5𝑝𝐻2

0.5)
𝑖             Eq 4.3 

 

The results from fitting 20 models are expressed in Table 19, NO8 showed the lowest 

chi-square, AIC, and BIC values.  

 

Table  19.  Values for model discrimination of LH approach 

 chi-square       AIC BIC 

NO18 2.41E-08 -2529.49 -2515.8 

NO17 1.59E-08 -2576.98 -2563.3 

NO2 1.34E-08 -2594.69 -2578.27 

NO4 5.09E-09 -2706.76 -2693.08 

NO3 4.77E-09 -2712.19 -2695.77 

NO15 4.85E-09 -2712.39 -2698.71 

NO16 4.30E-09 -2726.07 -2712.39 

NO12 4.08E-09 -2732.22 -2718.54 

NO14 3.57E-09 -2747.26 -2733.58 

NO10 3.54E-09 -2748.17 -2734.49 

NO11 3.54E-09 -2748.34 -2734.65 

NO9 3.53E-09 -2748.51 -2734.83 

NO7 3.48E-09 -2750.36 -2736.68 

NO13 3.44E-09 -2751.52 -2737.84 

NO6 3.43E-09 -2751.92 -2738.24 

NO5 3.31E-09 -2753.89 -2737.48 

NO8 3.35E-09 -2754.48 -2740.8 

 

After that, the CO formation was considered using power law models derived 

from the RWGS reaction. The results from fitting 𝑟𝐶𝑂, 𝑟𝐶𝐻4
 and 𝑟𝐶𝑂2

 are shown in  

Figure 17, and the estimated kinetic parameters are listed in Table 20. 
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Figure  17. Results from fitting LH: (a) 𝑟𝐶𝐻4
; (b) 𝑟𝐶𝑂; (c)  𝑟𝐶𝑂2

 

 
Table  20. Estimated parameter from hybrid models (NO8Sabatier and PL-H2ORWGS) 

Parameter Value Unit 

Sabatier reaction 

𝑘1,0,𝑟𝑒𝑓 4.90 x 10-5 +/- 5.33x 10-6  mol g-1 s-1 bar-0.5                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

𝐸𝑎,1 115.36 +/- 4.38  kJ mol-1 

𝐾𝐻2,0,𝑟𝑒𝑓 0.40 +/- 0.029 bar 

∆𝐻𝐻2
 -88.79 +/- 2.83 kJ mol-1 

𝐾𝐶𝑂,0,𝑟𝑒𝑓 0.81 +/- 0.029 bar-1 

∆𝐻𝐶𝑂 -34.63 +/- 1.45 kJ mol-1 

RWGS reaction 

𝑘2,0,𝑟𝑒𝑓 8.01x 10-6 +/- 7.49 x 10-7  mol g-1 s-1 bar0.25                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

𝐸𝑎,2 89.40 +/- 3.62  kJ mol-1 

𝑛𝐻2,2 -0.61 +/- 0.026 - 

𝑛𝐶𝑂2,2 0.23+/- 0.025 - 

𝑛𝐻2𝑂,2 -0.14+/- 0.010 - 
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The activation energies of the forward Sabatier reaction obtained in this work 

are 67 and 115 kJ/mol for the power law and LH models, respectively. These values 

showed in the range obtained from other literatures, which reported about 60–120 

kJ/mol for Ni-catalysts [56, 64, 65, 69-73, 75, 113, 114]. In addition, the activation 

energy obtained higher than 50 kJ/mol indicates that the experimental kinetic 

investigations were studied with the absence of transport limitations [115]. The value 

of activation energy for RWGS reaction was 89 kJ/mol, nearly with Marocco et al. 

[94], who reported 85 kJ/mol for RWGS reaction over Ni catalyst. Moreover, the 

enthalpy change of adsorption of H2 (∆𝐻𝐻2
) is nearly obtained value from Rönsch et 

al. [116] at -88 kJ/mol, and also a similar result for H2 adsorption on Ni catalyst is an 

exothermic reaction [64, 72]. The pre-exponential factors (𝑘𝑖,0,𝑟𝑒𝑓) are based on the 

reference temperature (Tref = 281.85 °C). The estimated parameters from RWGS 

reaction were described in the previous section. The kinetic models for the 

combination between LH and the power law model were demonstrated in Eq.4.4–4.5. 

𝑟1 =  
𝑘1𝐾𝐶𝑂𝑝𝐶𝑂2

0.5 𝐾𝐻2
0.5𝑝𝐻2

0.5(1−
𝑝𝐶𝐻4

𝑝𝐻2𝑂
2

𝑝𝐶𝑂2
𝑝𝐻2

4 𝐾𝑒𝑞,1
)

(1+𝐾𝐶𝑂𝑝𝐶𝑂2
0.5 +𝐾𝐻2

0.5𝑝𝐻2
0.5)

2        Eq 4.4 

𝑟2 =  
𝑘2𝑝𝐻2𝑂

0.14 𝑝𝐶𝑂2
0.23

𝑝𝐻2
0.61 (1 −

𝑝𝐶𝑂𝑝𝐻2𝑂

𝑝𝐻2𝑝𝐶𝑂2𝐾𝑒𝑞,2
)       Eq 4.5 

The results from the thermodynamic consistency of the adsorption term were 

shown as follows. The equations were early mentioned in section 3.5, which 𝛥𝑆𝑗
0 

represents in-unit J/molk, and the referent temperature at 280 °C was used for 

calculation.  

Criterion 1:  

𝐴(𝐾𝐻2) = 1.76 × 10−9 < 1 𝑎𝑛𝑑 > 0 

𝐴(𝐾𝐶𝑂) =  4.4 × 10−4  < 1 𝑎𝑛𝑑 > 0 

Criterion 2:  

𝑙𝑛𝐴(𝐾𝐻2) = −20 ≤
12.2 − 0.0014 ∆𝐻𝑗

𝑅
= 16 

𝑙𝑛𝐴(𝐾𝐶𝑂) = −7.7 ≤
12.2 − 0.0014 ∆𝐻𝑗

𝑅
= 7.29 

 

The 𝐴(𝐾𝐻2) and 𝐴(𝐾𝐶𝑂) were proved as thermodynamic consistency , in other words 

these values satisfies the fundamental Gibbs–Duhem equation. 

Values for model discrimination of power rate law models (Eq.4.1 and 4.2) 

and hybrid models (Eq.4.4 and 4.5) were shown in Table 21. Hybrid models showed 

low chi-square, AIC, and BIC. Then, it can be concluded that the hybrid models 

between LH and power law models with formyl formation as RDS and non-influence 
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of water are suitable to describe the kinetics of CO2 methanation over Ni/SiO2 

catalyst. 

 

Table  21. Values for model discrimination of LH approach 

 Power law Hybrid 

chi-square         1.25x10-9 1.23 x10-9 

AIC -8210 -8212 

BIC -8190 -8192 

 

Note that the determination of kinetic parameters is a prerequisite. The 

obtained kinetic models and parameters can be applied to predict reactors' 

performance for reactor design. The CO2 conversion was calculated from the ordinary 

differential equation based on mole balance over a packed bed reactor shown as: 

𝑑𝑛𝑖̇

𝑑𝑚
 =  𝜗𝑖 ∙ 𝑟1  + 𝛼𝑖 ∙ 𝑟2  

Where 𝑛𝑖̇  is the molar flow of component i. 𝜗𝑖 and 𝛼𝑖 represent the 

stoichiometric coefficient of Sabatier and RWGS reactions, respectively, and m stands 

for catalyst weight. The performance of Ni/SiO2 catalyst in a plug flow reactor at 

different flow rates is shown in Figure 18. The highest CO2 conversion was 

demonstrated at a temperature of 400 °C and 20 ml/min, and it was decreased because 

of the thermodynamic limitations. However, the increasing total flow rate expressed 

lower CO2 conversion at the same temperature. Moreover, the condition can be freely 

changed to design the reactor. 

 

Figure  18. Prediction performance of reactor for Ni/SiO2 catalyst under H2/CO2/Ar 

= 4/1/5, P = 0.5 MPa, Q = 200 and 20 ml/min, m = 20 mg.  

 
Also, the collected kinetic models and parameters from literatures can be 

compared to investigate the performance of catalyst and reactor. As expected, 
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NiAl(O)x [64] demonstrated the highest catalyst activity. The catalyst activity from 

this work agreed with Chaing and Hopper [69], who provided the power law model 

obtained from kinetic study over Ni/kieselguhr catalyst. It showed a similar trend line 

in the range of temperature 200–470 °C, and the reaction rate seems slow because it is 

limited by equilibrium conversion.  

 

Figure  19. Temperature versus CO2 conversion compared to other literature for 

H2/CO2/Ar = 4/1/5 P = 0.5 MPa, Q = 200 ml/min, m = 20 mg.  
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CHAPTER V 
 

CONCLUSION 
 

5.1. Conclusion 

The kinetic models were studied considering Sabatier and RWGS reactions in 

CO2 methanation. The kinetic characterizations were studied in an isothermal packed 

bed reactor with the differential condition at temperature 300–350 °C, 0.1 to 0.9 MPa, 

GHSV of 37,494 h-1 over commercial 17–23%wt Ni/SiO2 catalyst at the stable 

catalyst activity. The experimental data for parameter estimations were absent from 

diffusional limitation, CO2 conversion and ΔT lower than 10% and 5 °C. Modeled 

considerations, the power law (PL, PL-H2O, PL-WI and PL-OH) and LH models were 

first emphasized only considering Sabatier reaction. Then, the RWGS reaction was 

added to account for the CO formation using the power law models. The model 

discriminations were assessed using AIC and BIC. The results found that 1) These 

experimental conditions successfully built an isothermal reactor without diffusional 

limitation. 2) The better fitting was obtained from hybrid model (LH and the power 

law model) with the formation of formyl as RDS and inhibiting influence of water. 3) 

The activation energies of the Sabatier and RWGS reactions were found in the range 

of other literature. 

 

5.2. Recommendation 

1. The integral mode reactor should be taken into account to study the complete range 

of CO2 conversion. 

2. The characteristics of the catalyst should be checked to compare the results before 

and after the reaction to clearly explain the results. 
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APPENDIX 

 

APPENDIX A 

 

THE EQUATION FOR ASSESMENT DIFFUSIONAL LIMITATION 

 
A.1. Diffusivity of CO2 

 

The effective mass diffusivity of CO2 in the catalyst particle (𝐷CO2,e, 𝑚2𝑠−1) was 

determined from Eq.A1, where porosity (𝜀𝑝) and tortuosity (𝜏𝑝) of the catalyst 

particle were assumed equal to 0.4 and 4 following Miguel’s work [71]. 




= 2

2

CO ,mix

CO ,e

 p

p

D
D          Eq. A 1 

Molecular diffusivity of CO2 in the gas mixture (𝐷𝐶𝑂2,mix, 𝑚2𝑠−1) expressed in 

Eq.A2, where y stands for mole fraction. 

−



−
= 



2

2

2

CO 4

CO ,mix

CO ,
1

1
10

n
j

j j
j

y
D

y

D

        Eq. A 2  

To determine the diffusivity of CO2 into a component 𝑗 or  𝐷𝐶𝑂2,𝑗 in-unit cm2s-1, it can 

be estimated through the following equation, which M is molecular weight in-unit (g 

mol-1), P stands for pressure in atm unit, 

( ) ( ) 

−
 

+ 
 
 =

 +
   

2

2

2

0 5

3 1 75

2
1 3 1 3

1 1
10  

,

.

.

CO j

CO j

CO j

T
M M

D

P

      Eq. A 3  

Where 𝑗 is pure gas (H2, CH4, H2O, CO, Ar), and the diffusion volumes (𝜈) to 

calculate Eq.A3 was shown in Table A1 [117].  
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Table A 1. Diffusion volumes for simple molecules (∑ 𝜈, cm3·mol-1) of each component  

Molecule Diffusion volume, (∑ 𝝂) 

CO2 26.7 

H2 6.12 

H2O 13.1 

CH4 25.14 

CO 18 

Ar 16.2 

 

A.2. Concentration of CO2 at the solid surface 

 

The concentration of CO2 at the solid surface (𝐶CO2,s, 𝑚𝑜𝑙𝑚−3) and the bulk phase 

(𝐶CO2,b, 𝑚𝑜𝑙𝑚−3) can be estimated through the equation below [96].  

2 2, ,(1 )CO s a CO bC C C= −         Eq. A 4  

2

2 ,

CO

CO b

y
C

RT
=          Eq. A 5  

Where the Carberry number is the dimensionless term expressed in Eq.A6 

2 ,

6
obs

a

g CO b

p

r
C

k C
d

=         Eq. A 6  

The external mass transfer coefficient (𝑘𝑔, 𝑚 𝑠−1) was given in section heat and mass 

transport coefficient.  

 

A.3. Heat of reaction and heat capacity 

 

The heat of reaction (∆𝐻𝑟 , 𝐽𝑚𝑜𝑙−1) can be calculated through Eq.A7. 

( )
0

298

298 K

T
pK

r r

C
H T H R dT

R


 =  +        Eq. A 7 

Where the standard heat of Sabatier reaction at 298 K is equal to -165 𝐽𝑚𝑜𝑙−1 ,and 

the integral term was estimated from the Shomate equation [118].  

( ) ( ) ( ) ( )
    

=  − + − + − + − −  − 
 


0

2 2 3 3 4 4

0 0 0 0
298

0

B C D 1 1
A T' T' T' T'

2 3 4 T'

T
p

K

C
R dT T T T T E

R T
 Eq. A 8
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The heat capacity of gas mixture (𝐶𝑝,𝑚𝑖𝑥, 𝐽𝑘𝑔−1𝐾−1) was estimated through Eq.A9, 

and the isobaric specific heat capacity of each species (𝐶𝑝,𝑖,𝐽𝑚𝑜𝑙−1𝐾−1) was 

determined by using the Shomate equation that provided the accuracy value expressed 

in Eq.A10. 

=
=

p,i

p,mix 1

n i

i
i

y C
C

M
        Eq. A 9  

= + + + +2 3 2

p,iC A BT ' CT ' CT ' CT '        Eq. A 10 

Where 𝑇′ = T(K)/1000, T0 = 298.15/1000 and polynomial constant for Shomate 

equation was expressed in Table A2. 𝛥𝐴 𝑡𝑜 𝛥𝐸  can be calculated following the mole 

from the Sabatier reaction, for example, 𝛥𝐴 =  (𝐴𝐶𝐻4 +  2𝐴𝐻2𝑂)  − (𝐴𝐶𝑂2 +  4𝐴𝐻2). 

Table A 2. The polynomial constant for Shomate equation [118].  

Constant A B C D E F G 

CO 25.57 6.10 4.05 -2.67 0.13 -118.0 227.3 

CH4 -0.70 108.48 -42.52 5.86 0.68 -76.8 158.7 

CO2 25.00 55.19 -33.69 7.95 -0.14 -403.6 228.2 

H2O 30.09 6.83 6.79 -2.53 0.08 -250.8 223.3 

H2 33.07 -11.36 11.43 -2.77 -0.16 -9.9 172.7 

Ar 20.78 2.83x10-07 -1.46X10-07 1.09 X10-08 -3.66X10-08 -6.19 179.9 

 

A.4. Thermal conductivity 

 

 The effective thermal conductivity of the particle, 𝜆𝑒 (W·m-1·K-1), was calculated 

from equation below. 




 



−

 
=   

 

1

s
g

g

p

e         Eq. A 11

  

Where the thermal conductivity of Ni/SiO2 catalyst (𝜆𝑠) was followed by Sharma that 

reported  𝜆𝑠 = 0.14 with 𝜀𝑝 = 0.4 [119] 

The thermal conductivity of the gas mixture  (𝜆𝑔, 𝑊𝑚−1𝐾−1) was determined by the 

Wassiljewa method, as shown in Eq.A12. 

  
g,

g

i 1

1

n
i i

n

j ij

j

y

y A



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−

=


        Eq. A 12
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Where the thermal conductivity of each species(𝜆g,𝑖) was determined by the Eucken 

model [120].  

g,

5

4

p,i

i i

i i

CR

M M
 

 
= − 

 
        Eq. A 13

  

The 𝐴𝑖𝑗 stands for binary interaction parameter estimated by the equation below. 

( ) ( )

( )

2
0 5 0 25

0 5

1

8 1

. .

tr ,i tr , j i j

ij .

i j

M M
A

M M

  +
  

=
 + 

      Eq. A 14 

Where (
𝜆𝑡𝑟,𝑖

𝜆𝑡𝑟,𝑗
) is a term of translational thermal conductivities ratio calculated by 

Eq.A15 

𝜆𝑡𝑟,𝑖

𝜆𝑡𝑟,𝑗
=

𝛤𝑗[exp(0.0464𝑇𝑟,𝑖)−exp(−0.2412𝑇𝑟,𝑖)]

𝛤𝑖[exp(0.0464𝑇𝑟,𝑗)−exp(−0.2412𝑇𝑟,𝑗)]
       Eq. A 15

  S  1 

𝑇𝑟,𝑖 equal to T/Tc,i and 𝛤𝑗 or 𝛤𝑖   are the reduced or inversed thermal conductivity of 

each species determined through Eq.A16.  

1 6
3

4

 
210 c,i i

i

c ,i

T M

P

 
 =   

 
        Eq. A 16

  

Where 𝑇𝑐,𝑖 (K), 𝑃𝑐,𝑖 (bar) and Mi (kg·mol-1) are the critical temperature, critical 

pressure and molar weight of species, as shown in the following table. 

Table A 3. Critical property and molecular weight of gases  

Property CO CH4 CO2 H2O H2 Ar 

Critical temperature, Tc (K) 734.45 190.6 304.18 647 33.18 150.86 

Critical pressure, Pc (bar) 34.98 46.1 73.80 220.64 13 4.89 

Molar weight, M (kg·mol-1) 0.02801 0.01604 0.04401 0.01802 0.002016 0.03995 
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A.5.Heat transport coefficient 

 

Heat transport coefficient ℎ(𝑊𝑚−2𝐾−1), was calculated from a correlation expressed 

in Eq.S17 [96]. 

g

p

Nu
h

d


=          Eq. A 17 

Nu is a Nusselt number, it can be determined from the dimensionless term section. 

The 𝜆𝑔 expresses in thermal conductivity section. To calculate the external mass 

transfer coefficient (𝑘𝑔, 𝑚 𝑠−1), the Eq.A18 was used [96].  

  2 ,CO mix

g

p

ShD
k

d
=         Eq. A 18 

Where Sh stands for Sherwood number that can be calculated in equation expressed in 

dimensionless term section, and 𝐷𝐶𝑂2,𝑚𝑖𝑥 (𝑚2𝑠−1) can be calculated from Eq.A2. 

 

A.6. Dimensionless term 

 

The Sherwood number (Sh) can be estimated through Eq.A19 [121].  

0.6 1/32 1.1Re pSh Sc= +   ; 0.1 < Re < 100      Eq. A 19 

Where Rep and Sc stand for Reynolds and Schmidt numbers, respectively. These were 

calculated from the following equation when dp (m) is the diameter of particle.  




=

2

g

g ,CO mix

Sc
D

        Eq. A 20 




=

g

g

Re
o p

p

u d
         Eq. A 21 

To calculate Nusselt number(Nu), the equation was provided by Berger [96]. Note 

that it is applicable for 0.1<𝑅𝑒𝑝<100 

0.6 1/32 1.1Re PrpNu = +        Eq. A 22 

Where Prandtl number (Pr) can be calculated from following equation 
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,
Pr

p mix g

g

C 


=          Eq. A 23 

The 𝐶𝑝,𝑚𝑖𝑥 and 𝜆𝑔 has been mentioned above. 

 

A.7. Viscosity 

 

To calculate the viscosity of the gas mixture (𝜇𝑔, 𝑃𝑎 𝑠), the Wilke method was used 

as expressed in Eq.A24. 

i i
g

1
j ij

=1

n

n
i

j

y

y




=

=


        Eq. A 24 

The binary term (𝜙ij) can be estimated through the Eq. A25, and viscosity of the pure 

CH4, CO2, H2O and H2 species (𝜇𝑖) can be determined from Eq.A26 provided by 

Miguel [71], and CO and Ar can be calculated from Eq.A27 [122], which the 

coefficients for calculation shown in Table A4.   

( ) ( )

( )

2
0 5 0 25

i j ij

ij 0 5

i j

1

8 1

. .

.

M M

M M

 


 +
  

=
 +
 

      Eq. A 25 

B

i

2

A

C D
1

T

T T

 =

+ +

         Eq. A 26  


−

=

+ + +

6 0 5

i

2 3

10 .T

B C D
A

T T T

        Eq. A 27 

Where 𝑢𝑜(𝑚𝑠−1) is fluid superficial velocity calculated from Eq. A26. 

 ==  


1

0

1

298 15

n

i
i

F
T

A . P
        Eq. 

A 28 

which A (m2) is the cross-section area of quartz tube, it can be calculated from 𝜋𝑟2. 

The density of the gas mixture (𝜌𝑔, 𝑘𝑔𝑚−3) was calculated from the assumption of 

ideal gas behavior, as shown in Eq.A29.  

1

n

g i i

i

P
y M

RT


=

=          Eq. A 29 
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Table A 4. The coefficients A-D used to estimate pure viscosity of each species. 

Species A B C D 

CO2 2.1480 x 10-6 0.46000 290.000 0 

H2 1.7970 x 10-7 0.68500 -0.590 140 

CH4 5.2546 x 10-7 0.59006 105.670 0 

H2O 1.7096 x 10-8 1.11460 0.000 0 

CO 6.6872 x 10-1 70.992 14880 -2.4377x106 

Ar 4.1379 x 10-1 218.56  -72069  1.1639 x 107 

 

The equation of Table 7 was compiled by Berger[96]. The detail for calculation was 

displayed as follows. 

A.8. Relative pressure 

 

The pressure drop over the catalyst bed (∆𝑃, Pa) can be estimated from Eq A30. 
2

0m g

p

f uP

H d


=          Eq. A 30 

Where fm is modified friction factor can be estimated from Eq.S31. 

1 1
1.75 150

Re

p p

m

p p

f
 



 − −
= +  

 

       Eq. A 31 

The parameter and equation to determine the Ranold number has been mentioned 

above. 

 

A.9. Axial dispersion 

 

To calculate axial dispersion, the Bodenstein number (Bo) was used. 

1
0.5

1
Re

p

p

p

Bo Sc





= +
        Eq. A 32 

 

A.10. inert bed dilution 

 

To assess inert bed dilution, the volumetric dilution (b) can be determined with 

Eq.A33. 

  
inert

inert

cat inert

b inert

w

b
w w



 

=

+

         Eq. A 33 

Where the properties of particles were shown in Table 13. 
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A.11. radial thermal conductivity 

 

The effective radial thermal conductivity in the bed catalyst (𝜆𝑒𝑟, 𝑊𝑚−1𝐾−1) can be 

examined from the following relationship. 

,0ber conv

g g g

 

  
= +         Eq. A 34 

The 𝜆𝑐𝑜𝑛𝑣 and  𝜆𝑏,0 are a convective contribution to radial thermal conductivity and 

static contribution effective radial thermal conductivity in-unit 𝑊𝑚−1𝐾−1. These can 

be calculated with the ratio of 𝜆𝑔, as shown in Eq.A35 and A36. 

2

Re Pr

8.65 1 19.4

pconv

g p

t

d

d




=

  
+  

   

       Eq. A 35 

,0

2

1

2
0.22

3

pb

p

g g

p

p




 




−
= +

 
+   

 

       Eq. A 36 

Where thermal conductivity of the catalyst particle (𝜆𝑝 , 𝑊𝑚−1𝐾−1 ) can be 

determined from the relationship of conductivity of the catalyst pellets ( 𝜆𝑠) and the 

inert material ( 𝜆𝑖𝑛𝑒𝑟𝑡). 

1 1

p s inert

b b

  

−
= +         Eq. A 37 

Where the conductivity of γ-Al2O3 ( 𝜆𝑖𝑛𝑒𝑟𝑡) constant as 35  𝑊𝑚−1𝐾−1 [123]. 
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APPENDIX B 

 

EQUILIBRIUM CONVERSION 

 
The thermodynamic equilibrium conversion for Sabatier and RWGS reaction was 

calculated from following equation [124]. 

4 2

2 2

2

, 4

CH H O

c Sabatier

H CO

p p
K

p p
=         Eq. B 1 

2

2 2

,

CO H O

c RWGS

H CO

p p
K

p p
=         Eq. B 2 

Where the equilibrium constant (Kc) of each reaction can determine using Eq. B3 

,

jG

RT
c jK e


−

=          Eq. B 3 

The Gibbs free energy change (ΔG) can be examined from different of Gibbs free 

energies of the products and the reactants. 

4 2 2 2
2 4Sabatier CH H O CO HG G G G G = + − −      Eq. B 4 

2 2 2RWGS CO H O CO HG G G G G = + − −       Eq. B 5 

Gibbs free energy (Gi, kJ/mol), standard enthalpy (Hi, kJ/mol) and standard entropy 

(Si, J/molK) are expressed in Eqs. B6 to B8, and polynomial constant for Shomate 

equation was demonstrated in Table A2. 

i i iG H TS= −          Eq. B 6 

( ) = + + + − +298 2 3 4B C D 1
+ AT' T' T' T'

2 3 4 T'

K

i rH T H E F      Eq. B 7 

( ) ( )= + + + − +2 3

2

C D
 Aln T' BT' T' T'

2 3 2T'
i

E
S T G      Eq. B 8 

The Microsoft Excel add-in program was used to determine output composition by 

constraining mass balance input equal to output. 
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APPENDIX C 

 

ANALIZE THE DATA 

 

C.1. GC calibration 

 

Linearity of TCD response for three major compounds, CO, CO2, and CH4, was 

confirmed at seven different concentrations (Table C1). Figure C1 shows linear 

responses for the three compounds.  

Table C 1. Feeding gas composition in for GC calibration (mL/min) 

 Ar CH4, CO2, CO 

1 160 40 

2 120 80 

3 80 120 

4 40 160 

5 480 20 

6 280 20 

7 180 20  

   

                              

 

 

 

 

 

 

Figure C 1. Calibration curves for CO, CO2, and CH4 
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The results showed the relative response factor of CO/Ar = 1.058, CH4/Ar = 0.897, 

and CO2/Ar =1.288 

 

C2. Calculation the conversion, selectivity, reaction rate, and confidence interval  

 

CO2 Conversion 

 

𝑋𝐶𝑂2
=

𝐹𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 𝐶𝑂2 𝑖𝑛𝑝𝑢𝑡 (𝐹𝐶𝑂2,𝑖𝑛)− 𝐹𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 𝐶𝑂2 𝑜𝑢𝑡𝑝𝑢𝑡 (𝐹𝐶𝑂2,𝑜𝑢𝑡)

𝐹𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 𝐶𝑂2 𝑖𝑛𝑝𝑢𝑡 (𝐹𝐶𝑂2,𝑖𝑛)
∗ 100   

  

Where 𝐹𝐶𝑂2,𝑜𝑢𝑡 can calculate from  

2 2       

Ar

CO CO
peak area of Relative response factor of

Ar Ar
F



 

Note that the output compositions were corrected with the mass balance 100%.  

 

Selectivity of CH4 

𝑆𝐶𝐻4
=

𝐹𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 𝐶𝐻4 𝑜𝑢𝑡 (𝐹𝐶𝐻4,𝑜𝑢𝑡)

𝐹𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑡 (𝐹𝐶𝐻4,𝑜𝑢𝑡 + 𝐹𝐶𝑂,𝑜𝑢𝑡)
 

 

Reaction rate of CH4  

𝑟𝐶𝐻4
 =

∆𝐹𝐶𝐻4
(𝑚𝑜𝑙/𝑚𝑖𝑛)

𝑤𝑒𝑖𝑔ℎ 𝑜𝑓 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 (𝑊𝑐𝑎𝑡, 𝑔)
 

 

 

Confidence interval 

The confidence interval for nonlinear regression can be calculate from the following 

equations. 

 

95%𝐶. 𝐼𝑥𝑖𝑗
= 𝑇𝑣𝑎𝑙𝑢𝑒 × √𝑣𝑎𝑟(𝑥𝑖𝑗) 

Where (𝐽𝑇𝐽)−1 ∙ 𝜎̂2 =  [
𝑣𝑎𝑟(𝑥11) 𝑥

𝑥 𝑣𝑎𝑟(𝑥𝑖𝑗)
] 

(𝐽𝑇𝐽)−1 is the invest of transpose of Jacobian matrix multiplied by that matrix. The 

variance estimate value (𝜎̂2) can be calculate from 
𝑆𝑆𝐸

𝑛∙𝑝
, where SSE, n, and p stands for 

sum square error, number of data point, and number of parameters, respectively. 
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APPENDIX D 

 

RESULT 

 
Table D 1. Results from calculation conversion, selectivity, and reaction rate 

 
ID Tfurnace TTop Tbottom P XCO2 SCH4 SCO rCH4 rCO rCO2 

 (°C) (°C) (°C) (MPa) (-) (-) (-) Mol/gs Mol/gs Mol/gs 

 300 307.1 307.8 0.015 1.93 0.28 0.72 3.86E-06 9.74E-06 -1.36E-05 

 300 307.1 308.9 0.402 1.97 0.55 0.45 7.58E-06 6.32E-06 -1.39E-05 

 300 307.3 309.2 0.799 2.25 0.69 0.31 1.10E-05 4.84E-06 -1.59E-05 

01 325 332.5 333.8 0.016 3.98 0.24 0.76 6.84E-06 2.12E-05 -2.80E-05 

 325 333.4 334.8 0.402 4.19 0.53 0.47 1.57E-05 1.38E-05 -2.95E-05 

 325 333.4 336.0 0.799 4.89 0.69 0.31 2.38E-05 1.07E-05 -3.44E-05 

 350 358.4 359.7 0.016 7.90 0.23 0.77 1.30E-05 4.27E-05 -5.57E-05 

 350 358.8 362.0 0.401 8.63 0.53 0.47 3.20E-05 2.88E-05 -6.08E-05 

 350 358.9 364.3 0.801 10.71 0.68 0.32 5.15E-05 2.39E-05 -7.54E-05 

 300 307.1 308.1 0.014 1.51 0.24 0.76 3.44E-06 1.08E-05 -1.43E-05 

 300 307.3 309.1 0.401 1.67 0.56 0.44 8.89E-06 6.91E-06 -1.58E-05 

 300 307.2 309.5 0.800 1.91 0.71 0.29 1.29E-05 5.19E-06 -1.81E-05 

02 325 333.2 333.8 0.015 3.24 0.24 0.76 7.45E-06 2.32E-05 -3.07E-05 

 325 333.4 335.4 0.404 3.64 0.55 0.45 1.90E-05 1.54E-05 -3.44E-05 

 325 333.5 336.6 0.800 4.30 0.70 0.30 2.86E-05 1.20E-05 -4.06E-05 

 350 358.7 359.2 0.016 6.34 0.23 0.77 1.36E-05 4.63E-05 -6.00E-05 

 350 358.9 362.5 0.401 7.59 0.55 0.45 3.94E-05 3.24E-05 -7.18E-05 

 350 358.9 365.4 0.800 9.59 0.70 0.30 6.37E-05 2.70E-05 -9.07E-05 

 300 307.4 308.6 0.012 1.32 0.25 0.75 4.01E-06 1.21E-05 -1.61E-05 

 300 307.4 309.2 0.399 1.46 0.58 0.42 1.03E-05 7.56E-06 -1.79E-05 

 300 307.5 309.9 0.802 1.70 0.72 0.28 1.49E-05 5.78E-06 -2.07E-05 

 325 333.3 334.0 0.013 2.79 0.24 0.76 8.14E-06 2.59E-05 -3.41E-05 

03 325 333.6 335.5 0.401 3.18 0.57 0.43 2.20E-05 1.69E-05 -3.89E-05 

 325 333.5 336.7 0.802 3.78 0.72 0.28 3.31E-05 1.31E-05 -4.62E-05 

 350 358.8 359.6 0.014 5.56 0.23 0.77 1.59E-05 5.20E-05 -6.79E-05 

 350 358.9 363.0 0.402 6.78 0.56 0.44 4.65E-05 3.63E-05 -8.28E-05 

 350 359.5 366.3 0.800 8.68 0.71 0.29 7.55E-05 3.05E-05 -1.06E-04 

 300 308.4 307.9 0.013 3.07 0.98 0.02 1.76E-05 1.04E-05 -2.80E-05 

 300 308.6 308.6 0.401 3.11 0.99 0.01 2.07E-05 7.66E-06 -2.83E-05 

 300 308.7 308.9 0.801 3.46 0.99 0.01 2.48E-05 6.75E-06 -3.16E-05 

 325 334.5 334.3 0.013 4.05 0.97 0.03 1.53E-05 2.16E-05 -3.69E-05 

04 325 334.1 334.7 0.402 4.24 0.98 0.02 2.25E-05 1.61E-05 -3.86E-05 

 325 333.9 335.4 0.800 4.54 0.98 0.02 2.73E-05 1.41E-05 -4.14E-05 

 350 359.6 359.8 0.013 6.34 0.94 0.06 1.62E-05 4.15E-05 -5.78E-05 
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ID Tfurnace TTop Tbottom P XCO2 SCH4 SCO rCH4 rCO rCO2 

 (°C) (°C) (°C) (MPa) (-) (-) (-) Mol/gs Mol/gs Mol/gs 

 350 359.0 361.3 0.402 6.89 0.96 0.04 3.10E-05 3.18E-05 -6.28E-05 

 350 359.1 363.0 0.801 8.15 0.96 0.04 4.65E-05 2.78E-05 -7.43E-05 

 300 308.3 307.3 0.015 2.47 0.99 0.01 8.69E-06 8.69E-06 -1.74E-05 

 300 308.7 308.1 0.401 2.51 0.99 0.01 1.10E-05 6.72E-06 -1.77E-05 

 300 308.6 308.4 0.802 2.87 0.99 0.01 1.45E-05 5.72E-06 -2.02E-05 

 325 334.5 333.9 0.014 3.59 0.97 0.03 6.21E-06 1.91E-05 -2.53E-05 

05 325 334.0 334.3 0.402 4.19 0.98 0.02 1.55E-05 1.40E-05 -2.95E-05 

 325 333.9 335.2 0.798 4.89 0.98 0.02 2.27E-05 1.17E-05 -3.44E-05 

 350 359.1 358.8 0.015 6.11 0.95 0.05 9.30E-06 3.37E-05 -4.30E-05 

 350 359.1 361.0 0.400 7.86 0.96 0.04 2.84E-05 2.69E-05 -5.54E-05 

 350 359.1 362.9 0.799 9.67 0.97 0.03 4.48E-05 2.33E-05 -6.81E-05 

 300 308.3 308.0 0.012 2.60 0.99 0.01 9.96E-06 8.38E-06 -1.83E-05 

 300 308.6 308.8 0.400 2.99 0.99 0.01 1.47E-05 6.43E-06 -2.11E-05 

 300 308.4 309.0 0.801 3.66 0.99 0.01 1.99E-05 5.86E-06 -2.57E-05 

 325 333.9 334.2 0.012 3.78 0.98 0.02 9.35E-06 1.73E-05 -2.66E-05 

06 325 333.9 335.0 0.401 4.96 0.99 0.01 2.13E-05 1.36E-05 -3.49E-05 

 325 333.8 335.6 0.800 6.00 0.99 0.01 3.06E-05 1.17E-05 -4.22E-05 

 350 359.2 359.8 0.013 5.78 0.97 0.03 9.75E-06 3.10E-05 -4.07E-05 

 350 359.1 361.3 0.400 7.57 0.98 0.02 2.86E-05 2.47E-05 -5.33E-05 

 350 358.9 363.2 0.802 9.64 0.98 0.02 4.60E-05 2.19E-05 -6.79E-05 

 300 308.3 307.9 0.012 1.09 0.99 0.01 -9.08E-07 7.06E-06 -6.16E-06 

 300 308.1 308.3 0.402 2.55 1.00 0.00 8.41E-06 6.03E-06 -1.44E-05 

 300 307.5 308.9 0.799 4.00 1.00 0.00 1.73E-05 5.31E-06 -2.27E-05 

 325 334.1 334.6 0.013 2.61 0.99 0.01 1.57E-06 1.32E-05 -1.48E-05 

07 325 333.7 334.6 0.402 4.18 0.99 0.01 1.26E-05 1.11E-05 -2.37E-05 

 325 333.1 335.1 0.800 6.23 0.99 0.01 2.52E-05 1.01E-05 -3.53E-05 

 350 359.2 359.6 0.013 5.24 0.98 0.02 8.34E-06 2.13E-05 -2.97E-05 

 350 358.7 360.2 0.402 6.75 0.99 0.01 2.00E-05 1.83E-05 -3.82E-05 

 350 358.6 361.7 0.793 8.30 0.99 0.01 3.00E-05 1.70E-05 -4.70E-05 

 300 308.1 307.6 0.017 1.04 0.13 0.87 2.38E-06 1.53E-05 -1.77E-05 

 300 308.1 308.6 0.401 1.01 0.35 0.65 6.02E-06 1.12E-05 -1.72E-05 

 300 307.8 309.3 0.800 1.06 0.49 0.51 8.91E-06 9.23E-06 -1.81E-05 

 325 333.4 333.9 0.018 2.25 0.14 0.86 5.23E-06 3.32E-05 -3.84E-05 

08 325 333.4 334.8 0.401 2.23 0.35 0.65 1.32E-05 2.47E-05 -3.79E-05 

 325 333.1 335.8 0.800 2.41 0.48 0.52 2.00E-05 2.12E-05 -4.11E-05 

 350 358.6 358.2 0.019 4.36 0.13 0.87 1.00E-05 6.44E-05 -7.44E-05 

 350 358.4 361.0 0.400 4.60 0.34 0.66 2.70E-05 5.14E-05 -7.84E-05 

 350 358.1 363.8 0.799 5.22 0.48 0.52 4.29E-05 4.62E-05 -8.91E-05 

 300 308.2 308.0 0.015 0.83 0.15 0.85 3.13E-06 1.82E-05 -2.13E-05 

 300 308.0 308.8 0.401 0.81 0.37 0.63 7.61E-06 1.31E-05 -2.07E-05 

 300 307.9 309.8 0.800 0.88 0.51 0.49 1.15E-05 1.11E-05 -2.26E-05 

 325 334.1 334.4 0.016 1.82 0.15 0.85 7.03E-06 3.96E-05 -4.67E-05 

 325 333.4 335.5 0.399 1.83 0.37 0.63 1.75E-05 2.94E-05 -4.69E-05 
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ID Tfurnace TTop Tbottom P XCO2 SCH4 SCO rCH4 rCO rCO2 

 (°C) (°C) (°C) (MPa) (-) (-) (-) Mol/gs Mol/gs Mol/gs 

09 325 333.3 336.8 0.800 2.03 0.52 0.48 2.70E-05 2.52E-05 -5.21E-05 

 350 359.0 359.5 0.017 3.60 0.15 0.85 1.39E-05 7.86E-05 -9.25E-05 

 350 358.5 362.6 0.402 3.90 0.37 0.63 3.75E-05 6.27E-05 -1.00E-04 

 350 358.5 366.2 0.801 4.63 0.52 0.48 6.15E-05 5.74E-05 -1.19E-04 

 300 308.3 307.8 0.018 1.64 0.15 0.85 1.71E-06 9.86E-06 -1.16E-05 

 300 308.1 308.3 0.401 1.57 0.37 0.63 4.16E-06 6.93E-06 -1.11E-05 

 300 308.0 308.7 0.799 1.69 0.52 0.48 6.16E-06 5.74E-06 -1.19E-05 

 325 333.6 333.9 0.019 3.61 0.15 0.85 3.86E-06 2.15E-05 -2.54E-05 

10 325 333.4 334.5 0.401 3.49 0.37 0.63 9.09E-06 1.55E-05 -2.46E-05 

 325 333.2 335.7 0.800 3.78 0.51 0.49 1.36E-05 1.30E-05 -2.66E-05 

 350 358.6 359.1 0.020 6.92 0.15 0.85 7.37E-06 4.13E-05 -4.87E-05 

 350 358.6 360.4 0.401 6.39 0.37 0.63 1.66E-05 2.84E-05 -4.50E-05 

 350 358.4 362.2 0.802 7.93 0.51 0.49 2.85E-05 2.73E-05 -5.58E-05 

 300 308.4 308.4 0.017 1.27 0.18 0.82 2.59E-06 1.21E-05 -1.46E-05 

 300 308.1 308.6 0.404 1.30 0.43 0.57 6.37E-06 8.60E-06 -1.50E-05 

 300 308.0 309.2 0.800 1.38 0.57 0.43 9.03E-06 6.92E-06 -1.60E-05 

 325 333.9 333.7 0.018 2.84 0.18 0.82 5.94E-06 2.68E-05 -3.27E-05 

11 325 333.5 334.9 0.402 2.86 0.42 0.58 1.39E-05 1.90E-05 -3.29E-05 

 325 333.5 336.0 0.801 3.16 0.57 0.43 2.07E-05 1.58E-05 -3.65E-05 

 350 358.5 359.1 0.019 5.59 0.18 0.82 1.15E-05 5.29E-05 -6.45E-05 

 350 358.7 361.6 0.401 5.97 0.42 0.58 2.89E-05 3.99E-05 -6.88E-05 

 350 358.6 363.8 0.801 6.91 0.56 0.44 4.47E-05 3.50E-05 -7.97E-05 

 300 308.3 308.1 0.015 1.52 0.22 0.78 2.86E-06 9.94E-06 -1.28E-05 

 300 308.6 308.7 0.401 1.51 0.49 0.51 6.17E-06 6.52E-06 -1.27E-05 

 300 308.5 309.0 0.801 1.65 0.62 0.38 8.58E-06 5.32E-06 -1.39E-05 

 325 334.0 334.2 0.016 3.37 0.23 0.77 6.50E-06 2.18E-05 -2.84E-05 

12 325 333.9 334.8 0.402 3.37 0.49 0.51 1.40E-05 1.44E-05 -2.84E-05 

 325 333.9 335.6 0.801 3.79 0.63 0.37 2.00E-05 1.19E-05 -3.19E-05 

 350 359.2 359.4 0.016 6.71 0.23 0.77 1.30E-05 4.35E-05 -5.65E-05 

 350 359.0 361.7 0.401 7.17 0.50 0.50 3.01E-05 3.03E-05 -6.04E-05 

 350 359.1 363.3 0.800 8.30 0.64 0.36 4.48E-05 2.51E-05 -6.99E-05 

 300 308.0 308.0 0.015 2.03 0.98 0.02 2.08E-05 1.39E-05 -3.47E-05 

 300 308.0 308.5 0.400 1.78 0.98 0.02 1.88E-05 1.14E-05 -3.03E-05 

 300 307.6 308.8 0.801 1.97 0.99 0.01 2.31E-05 1.05E-05 -3.36E-05 

 325 333.9 334.1 0.016 2.69 0.96 0.04 1.72E-05 2.87E-05 -4.58E-05 

13 325 333.2 334.5 0.400 2.78 0.97 0.03 2.39E-05 2.36E-05 -4.74E-05 

 325 333.1 335.3 0.799 3.09 0.97 0.03 3.13E-05 2.14E-05 -5.27E-05 

 350 358.9 359.1 0.016 4.37 0.93 0.07 2.11E-05 5.35E-05 -7.46E-05 

 350 358.3 360.9 0.401 4.74 0.94 0.06 3.63E-05 4.45E-05 -8.08E-05 

 350 358.2 363.1 0.799 5.46 0.95 0.05 5.20E-05 4.12E-05 -9.32E-05 

 300 308.6 307.5 0.014 2.68 0.98 0.02 3.28E-05 1.30E-05 -4.57E-05 

 300 308.4 308.1 0.400 2.31 0.98 0.02 2.85E-05 1.09E-05 -3.94E-05 

 300 308.2 308.5 0.802 2.37 0.99 0.01 2.98E-05 1.05E-05 -4.03E-05 
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ID Tfurnace TTop Tbottom P XCO2 SCH4 SCO rCH4 rCO rCO2 

 (°C) (°C) (°C) (MPa) (-) (-) (-) Mol/gs Mol/gs Mol/gs 

 325 334.7 333.7 0.014 3.00 0.96 0.04 2.49E-05 2.64E-05 -5.12E-05 

14 325 334.0 333.9 0.400 3.03 0.97 0.03 2.95E-05 2.23E-05 -5.17E-05 

 325 333.9 334.9 0.801 3.31 0.97 0.03 3.57E-05 2.07E-05 -5.64E-05 

 350 359.5 358.7 0.015 4.20 0.94 0.06 2.56E-05 4.60E-05 -7.16E-05 

 350 359.0 360.3 0.401 4.66 0.95 0.05 3.89E-05 4.06E-05 -7.94E-05 

 350 358.8 362.5 0.799 5.34 0.95 0.05 5.31E-05 3.80E-05 -9.11E-05 

 

Table D 2. Experimental data and prediction data from hybrid model 

 

 rCH4  rCO  rCO2  
ID Exp. data Pred.data Exp. data Pred.data Exp. data Pred.data 

 3.9E-06 3.8E-06 9.7E-06 9.7E-06 1.4E-05 1.3E-05 

 7.6E-06 9.2E-06 6.3E-06 7.3E-06 1.4E-05 1.6E-05 

 1.1E-05 1.2E-05 4.8E-06 6.5E-06 1.6E-05 1.9E-05 

01 6.8E-06 6.4E-06 2.1E-05 2.0E-05 2.8E-05 2.7E-05 

 1.6E-05 1.7E-05 1.4E-05 1.5E-05 2.9E-05 3.3E-05 

 2.4E-05 2.4E-05 1.1E-05 1.4E-05 3.4E-05 3.8E-05 

 1.3E-05 9.9E-06 4.3E-05 4.0E-05 5.6E-05 5.0E-05 

 3.2E-05 3.0E-05 2.9E-05 3.1E-05 6.1E-05 6.0E-05 

 3.4E-06 4.7E-06 1.1E-05 8.9E-06 1.4E-05 1.4E-05 

 8.9E-06 1.1E-05 6.9E-06 6.7E-06 1.6E-05 1.7E-05 

 1.3E-05 1.4E-05 5.2E-06 6.0E-06 1.8E-05 2.0E-05 

 7.4E-06 8.1E-06 2.3E-05 1.9E-05 3.1E-05 2.7E-05 

02 1.9E-05 2.1E-05 1.5E-05 1.4E-05 3.4E-05 3.5E-05 

 2.9E-05 2.9E-05 1.2E-05 1.3E-05 4.1E-05 4.2E-05 

 1.4E-05 1.3E-05 4.6E-05 3.6E-05 6.0E-05 4.9E-05 

 3.9E-05 3.7E-05 3.2E-05 2.8E-05 7.2E-05 6.5E-05 

 4.0E-06 5.5E-06 1.2E-05 8.5E-06 1.6E-05 1.4E-05 

 1.0E-05 1.2E-05 7.6E-06 6.3E-06 1.8E-05 1.8E-05 

 1.5E-05 1.5E-05 5.8E-06 5.7E-06 2.1E-05 2.1E-05 

03 8.1E-06 9.6E-06 2.6E-05 1.8E-05 3.4E-05 2.7E-05 

 2.2E-05 2.4E-05 1.7E-05 1.3E-05 3.9E-05 3.8E-05 

 3.3E-05 3.3E-05 1.3E-05 1.2E-05 4.6E-05 4.5E-05 

 1.6E-05 1.5E-05 5.2E-05 3.5E-05 6.8E-05 5.0E-05 

 4.6E-05 4.3E-05 3.6E-05 2.7E-05 8.3E-05 7.0E-05 

 1.8E-05 4.6E-06 1.0E-05 9.9E-06 2.8E-05 1.5E-05 

 2.1E-05 1.1E-05 7.7E-06 7.5E-06 2.8E-05 1.8E-05 

 2.5E-05 1.4E-05 6.7E-06 6.7E-06 3.2E-05 2.0E-05 

 1.5E-05 7.9E-06 2.2E-05 2.0E-05 3.7E-05 2.8E-05 

04 2.3E-05 2.1E-05 1.6E-05 1.5E-05 3.9E-05 3.6E-05 

 2.7E-05 2.8E-05 1.4E-05 1.3E-05 4.1E-05 4.2E-05 

 1.6E-05 1.2E-05 4.1E-05 3.6E-05 5.8E-05 4.8E-05 
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 rCH4  rCO  rCO2  
ID Exp. data Pred.data Exp. data Pred.data Exp. data Pred.data 

 3.1E-05 3.6E-05 3.2E-05 2.8E-05 6.3E-05 6.3E-05 

 4.6E-05 5.1E-05 2.8E-05 2.5E-05 7.4E-05 7.7E-05 

 8.7E-06 3.8E-06 8.7E-06 1.0E-05 1.7E-05 1.4E-05 

 1.1E-05 9.3E-06 6.7E-06 7.9E-06 1.8E-05 1.7E-05 

 1.5E-05 1.2E-05 5.7E-06 7.1E-06 2.0E-05 1.9E-05 

 6.2E-06 6.5E-06 1.9E-05 2.0E-05 2.5E-05 2.6E-05 

05 1.6E-05 1.7E-05 1.4E-05 1.5E-05 2.9E-05 3.3E-05 

 2.3E-05 2.4E-05 1.2E-05 1.4E-05 3.4E-05 3.8E-05 

 9.3E-06 9.8E-06 3.4E-05 3.5E-05 4.3E-05 4.5E-05 

 2.8E-05 2.9E-05 2.7E-05 2.8E-05 5.5E-05 5.7E-05 

 4.5E-05 4.3E-05 2.3E-05 2.6E-05 6.8E-05 6.9E-05 

 1.0E-05 3.8E-06 8.4E-06 1.0E-05 1.8E-05 1.4E-05 

 1.5E-05 9.3E-06 6.4E-06 7.7E-06 2.1E-05 1.7E-05 

 2.0E-05 1.2E-05 5.9E-06 6.9E-06 2.6E-05 1.9E-05 

 9.4E-06 6.4E-06 1.7E-05 1.9E-05 2.7E-05 2.5E-05 

06 2.1E-05 1.7E-05 1.4E-05 1.5E-05 3.5E-05 3.2E-05 

 3.1E-05 2.4E-05 1.2E-05 1.3E-05 4.2E-05 3.8E-05 

 9.7E-06 9.8E-06 3.1E-05 3.2E-05 4.1E-05 4.2E-05 

 2.9E-05 2.9E-05 2.5E-05 2.6E-05 5.3E-05 5.5E-05 

 4.6E-05 4.3E-05 2.2E-05 2.4E-05 6.8E-05 6.8E-05 

 8.4E-06 8.2E-06 6.0E-06 7.2E-06 1.4E-05 1.5E-05 

 1.7E-05 1.1E-05 5.3E-06 6.6E-06 2.3E-05 1.7E-05 

 1.6E-06 5.4E-06 1.3E-05 1.7E-05 1.5E-05 2.3E-05 

 1.3E-05 1.5E-05 1.1E-05 1.3E-05 2.4E-05 2.9E-05 

07 2.5E-05 2.1E-05 1.0E-05 1.2E-05 3.5E-05 3.4E-05 

 8.3E-06 8.1E-06 2.1E-05 2.9E-05 3.0E-05 3.7E-05 

 2.0E-05 2.5E-05 1.8E-05 2.3E-05 3.8E-05 4.8E-05 

 3.0E-05 3.7E-05 1.7E-05 2.2E-05 4.7E-05 5.9E-05 

 2.4E-06 4.5E-06 1.5E-05 1.7E-05 1.8E-05 2.1E-05 

 6.0E-06 1.0E-05 1.1E-05 1.3E-05 1.7E-05 2.3E-05 

 8.9E-06 1.3E-05 9.2E-06 1.1E-05 1.8E-05 2.4E-05 

08 5.2E-06 7.6E-06 3.3E-05 3.5E-05 3.8E-05 4.3E-05 

 1.3E-05 1.9E-05 2.5E-05 2.6E-05 3.8E-05 4.6E-05 

 2.0E-05 2.6E-05 2.1E-05 2.4E-05 4.1E-05 5.0E-05 

 1.0E-05 1.2E-05 6.4E-05 6.7E-05 7.4E-05 7.9E-05 

 2.7E-05 3.3E-05 5.1E-05 5.2E-05 7.8E-05 8.5E-05 

 7.0E-06 1.0E-05 4.0E-05 3.3E-05 4.7E-05 4.3E-05 

 1.7E-05 2.4E-05 2.9E-05 2.4E-05 4.7E-05 4.9E-05 

09 2.7E-05 3.3E-05 2.5E-05 2.2E-05 5.2E-05 5.5E-05 

 1.4E-05 1.6E-05 7.9E-05 6.3E-05 9.2E-05 7.9E-05 

 3.7E-05 4.3E-05 6.3E-05 4.9E-05 1.0E-04 9.1E-05 

 1.7E-06 3.1E-06 9.9E-06 1.4E-05 1.2E-05 1.8E-05 

 4.2E-06 7.7E-06 6.9E-06 1.1E-05 1.1E-05 1.8E-05 
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 rCH4  rCO  rCO2  
ID Exp. data Pred.data Exp. data Pred.data Exp. data Pred.data 

 6.2E-06 1.0E-05 5.7E-06 9.6E-06 1.2E-05 2.0E-05 

 3.9E-06 5.1E-06 2.2E-05 3.0E-05 2.5E-05 3.5E-05 

10 9.1E-06 1.4E-05 1.6E-05 2.3E-05 2.5E-05 3.7E-05 

 1.4E-05 2.0E-05 1.3E-05 2.0E-05 2.7E-05 4.1E-05 

 7.4E-06 7.5E-06 4.1E-05 5.8E-05 4.9E-05 6.5E-05 

 1.7E-05 2.3E-05 2.8E-05 4.4E-05 4.5E-05 6.7E-05 

 2.9E-05 3.4E-05 2.7E-05 4.0E-05 5.6E-05 7.4E-05 

 2.6E-06 4.4E-06 1.2E-05 1.3E-05 1.5E-05 1.7E-05 

 6.4E-06 1.0E-05 8.6E-06 9.5E-06 1.5E-05 2.0E-05 

 9.0E-06 1.3E-05 6.9E-06 8.6E-06 1.6E-05 2.2E-05 

 5.9E-06 7.4E-06 2.7E-05 2.7E-05 3.3E-05 3.4E-05 

11 1.4E-05 1.9E-05 1.9E-05 2.0E-05 3.3E-05 3.9E-05 

 2.1E-05 2.7E-05 1.6E-05 1.8E-05 3.6E-05 4.5E-05 

 1.2E-05 1.1E-05 5.3E-05 5.1E-05 6.4E-05 6.3E-05 

 2.9E-05 3.2E-05 4.0E-05 4.0E-05 6.9E-05 7.2E-05 

 4.5E-05 4.7E-05 3.5E-05 3.7E-05 8.0E-05 8.4E-05 

 2.9E-06 4.7E-06 9.9E-06 8.3E-06 1.3E-05 1.3E-05 

 6.2E-06 1.1E-05 6.5E-06 6.2E-06 1.3E-05 1.7E-05 

 8.6E-06 1.4E-05 5.3E-06 5.6E-06 1.4E-05 1.9E-05 

12 6.5E-06 8.2E-06 2.2E-05 1.8E-05 2.8E-05 2.6E-05 

 1.4E-05 2.1E-05 1.4E-05 1.3E-05 2.8E-05 3.4E-05 

 2.0E-05 2.8E-05 1.2E-05 1.2E-05 3.2E-05 4.0E-05 

 1.3E-05 1.3E-05 4.4E-05 3.4E-05 5.6E-05 4.7E-05 

 3.0E-05 3.6E-05 3.0E-05 2.6E-05 6.0E-05 6.2E-05 

 4.5E-05 5.2E-05 2.5E-05 2.4E-05 7.0E-05 7.6E-05 

 2.1E-05 4.4E-06 1.4E-05 1.7E-05 3.5E-05 2.2E-05 

 1.9E-05 1.0E-05 1.1E-05 1.3E-05 3.0E-05 2.3E-05 

 2.3E-05 1.3E-05 1.0E-05 1.2E-05 3.4E-05 2.5E-05 

13 1.7E-05 7.5E-06 2.9E-05 3.3E-05 4.6E-05 4.1E-05 

 2.4E-05 1.9E-05 2.4E-05 2.5E-05 4.8E-05 4.4E-05 

 3.1E-05 2.6E-05 2.1E-05 2.3E-05 5.3E-05 4.9E-05 

 2.1E-05 1.2E-05 5.3E-05 5.7E-05 7.5E-05 6.9E-05 

 3.6E-05 3.3E-05 4.4E-05 4.5E-05 8.1E-05 7.8E-05 

 5.2E-05 4.7E-05 4.1E-05 4.2E-05 9.3E-05 8.9E-05 

 3.3E-05 4.4E-06 1.3E-05 1.7E-05 4.6E-05 2.1E-05 

 2.9E-05 1.0E-05 1.1E-05 1.3E-05 3.9E-05 2.3E-05 

 3.0E-05 1.3E-05 1.0E-05 1.1E-05 4.0E-05 2.4E-05 

 2.5E-05 7.4E-06 2.6E-05 3.1E-05 5.1E-05 3.8E-05 

14 2.9E-05 1.9E-05 2.2E-05 2.4E-05 5.2E-05 4.3E-05 

 3.6E-05 2.6E-05 2.1E-05 2.2E-05 5.6E-05 4.8E-05 

 2.6E-05 1.1E-05 4.6E-05 5.3E-05 7.2E-05 6.4E-05 

 3.9E-05 3.3E-05 4.1E-05 4.1E-05 7.9E-05 7.4E-05 

 5.3E-05 4.7E-05 3.8E-05 3.9E-05 9.1E-05 8.6E-05 
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APPENDIX E 

 

PYTHON CODE FOR PARAMETER ESTIMATION 

 
# Import the package  
import matplotlib.pyplot as plt 

import numpy as np 

from lmfit import minimize, Parameters, Parameter, report_fit, Minimizer 

#load csv. file and name the column with script the first raw. 

load = "01_input_using dataThesis.csv" 

date, yCOi, yCH4i, yCO2i, yH2Oi, yH2i, yAri, Pt, T, rCH4, rCO = np.loadtxt(load, 

skiprows=1, delimiter=',', unpack=True) 
#Define parameters and reaction rate 

def fn(params): 

    k0      = params['k0'] 

    Ea      = params['Ea'] 

    k02      = params['k02'] 

    Ea2      = params['Ea2'] 

    AH2     = params['AH2'] 

    HH2     = params['HH2'] 

    Amix    =params['Amix'] 

    Hmix    =params['Hmix'] 

    nH22    =params['nH22'] 

    nCO22    =params['nCO22'] 

    nH2O2    =params['nH2O2'] 

    yt = yH2i + yCO2i + yCH4i + yH2Oi + yAri +yCOi #mol s-1 

    pH2 = yH2i / yt * Pt #bar 

    pCO2 = yCO2i / yt * Pt #bar 

    pCH4 = yCH4i / yt * Pt #bar 

    pH2O = yH2Oi / yt * Pt #bar 

    pCO = yCOi / yt * Pt 

    Tref = 555 

    #reference temperature, K 

    R = 0.008314 #gas constant, kJ mol-1 K-1     

    Keq = 137 * T**-3.998 * np.exp(158.7 / (R * T )) 

    Keq2 = 1/(np.exp(4577.8 /T -4.33)) 

    k = k0 * np.exp(Ea / R * (1/Tref - 1/T)) 

    k2 = k02 * np.exp(Ea2 / R * (1/Tref - 1/T)) 

    KH2 = AH2 * np.exp(HH2 / R * (1/Tref - 1/T)) 

    Kmix = Amix * np.exp(Hmix / R * (1/Tref - 1/T)) 

# #NO 8 

    a,b,c,d,e,f,g,h,i = 0.5, 0.5, 0.5, 0, 0.5, 0 ,0 ,0 , 2.0 
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r_Sabatier = k *Kmix *pCO2**a *KH2**b * pH2**c *pH2O**d * (1 - pCH4 * 

pH2O**2 / (pCO2 * pH2**4 * Keq)) / (1 + Kmix *pCO2**e * KH2**f * pH2**g 

*pH2O**h + (KH2 * pH2)**0.5 )**i 

    r_RWGs    = k2 * pH2**nH22 *pCO2**nCO22 / pH2O**nH2O2 * (1 - pCO * 

pH2O / (pCO2 * pH2 * Keq2)) 

    rCH4_mol = r_Sabatier  

    rCO_mol = r_RWGs  

    rCH4_data = rCH4  

    rCO_data = rCO 

    rCO2_data = rCH4_data + rCO_data 

    rCO2_mol = r_Sabatier +r_RWGs 

#save to csv file name “test” 

    save = np.array(( rCH4_data , rCH4_mol, rCO_data , rCO_mol ,rCO2_data , 

rCO2_mol)) 

    export = save.T 

    np.savetxt('test.csv', export, delimiter=',') 

#return residual of rCO, rCH4, and rCO2  

    return [rCO_mol - rCO_data , rCH4_mol - rCH4_data, rCO2_mol - rCO2_data] 

#initial parameters  

k0 = 4.9402e-05  #at 555K, mol bar-1 s-1 g-cat-1 

Ea = 115.362325 #kJ mol-1 

k02 = 9.5839e-06 #at 555K, mol bar-1 s-1 g-cat-1 

Ea2 = 93.4965894 #kJ mol-1 

AH2 = 0.40042010#at 555K, bar-0.5 

HH2 = -88.7961896 # kJ mol-1 

Amix = 0.80772168 #at 555K, bar-0.5 

Hmix = -34.6318977  #kJ mol-1 

nH22 = -0.73090135 #at 555K, bar-0.5 

nCO22 = 0.25753538#kJ mol-1 

nH2O2 = -0.22874363 #at 555K, bar-0.5 

# HCO = 22.4 #kJ mol-1 

params = Parameters() 

#parameters is dictionary containing the model parameters 

params.add('k0', value=k0, vary=False) 

params.add('Ea', value=Ea, vary=False) 

params.add('k02', value=k02) 

params.add('Ea2', value=Ea2) 

params.add('AH2', value=AH2, vary=False) 

params.add('HH2', value=HH2, vary=False) 

params.add('Amix', value=Amix, vary=False) 

params.add('Hmix', value=Hmix, vary=False) 

params.add('nH22', value=nH22) 

params.add('nCO22', value=nCO22) 

params.add('nH2O2', value=nH2O2) 

result = minimize(fn, params, method='leastsq') 

report_fit(result) 

#Plotting the results 
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import pandas as pd 

want = pd.read_csv('test.csv', names=["rCH4_data" , "rCH4_mol", "rCO_data" , 

"rCO_mol" , "rCO2_data" , "rCO2_mol"],  

                   delimiter=',') 

plt.figure(figsize=(8,6)) 

plt.scatter(want['rCH4_data']*100000, want['rCH4_mol']*100000) 

plt.xlabel(r"rCH4_data ($\times 10^[64]$)", fontsize=14) 

plt.ylabel(r"rCH4_mol ($\times 10^{-6} 

 

$)", fontsize=14) 

plt.plot([0 ,10], [0, 10], 'k') 

plt.xlim(0, 9) 

plt.ylim(0, 9) 

 

plt.figure(figsize=(8,6)) 

plt.scatter(want['rCO_data']*100000, want['rCO_mol']*100000) 

plt.xlabel(r"rCO_data ($\times 10^{-6}$)", fontsize=14) 

plt.ylabel(r"rCO_mol ($\times 10^{-6}$)", fontsize=14) 

plt.plot([0 ,10], [0, 10], 'k') 

plt.xlim(0, 9) 

plt.ylim(0, 9) 

 

plt.figure(figsize=(8,6)) 

plt.scatter(want['rCO2_data']*100000, want['rCO2_mol']*100000) 

plt.xlabel(r"rCO2_data ($\times 10^{-6}$)", fontsize=14) 

plt.ylabel(r"rCO2_mol ($\times 10^{-6}$)", fontsize=14) 

plt.plot([0 ,20], [0, 20], 'k') 

plt.xlim(0, 20) 

plt.ylim(0, 20) 
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APPENDIX F 

 

APPARATUS DIAGRAM 

 

 
Figure F 1. Apparatus diagram 

 

 

Figure F 2. Experimental apparatus 
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Figure F 3. Monitor to investigate the status of reaction condition 
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